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ABSTRACT 

A  novel  method  for  improving  the  performance  of  laser  communication  links  through  a 
turbulent  atmospnere,  called  "fast  tracking/'  has  been  demonstrated  experimentally  in 
the  laboratory  to  be  both  theoretically  sound  and  practicable.  Also,  a  design  has  been 
prepared  for  an  atmospheric  transmission  measurement  (ATM)  system  suitable  for  use 
at  field  sites  for  evaluation  of  atmospheric  turbulence  effects  on  ground- to- space  laser 
communication  links.  The  ATM  system  makes  use  of  a  fast-response  (1  msec)  star 
tracker  and  image  intensity  sensor;  it  is  relatively  simple  and  economical  to  use  because 
neither  flight  hardware  nor  flight  operations  is  involved,  and  it  is  capable  of  day  or 
night  operation.  A  field  measurement  plan  is  presented  that  is  designed  to  aid  in  the 
selection  of  laser  transmitter  sites  and  to  indicate  the  performance  of  ground-to- space 
links  using  those  sites. 

Because  the  concept  of  optical  antenna  gain  reciprocity  is  central  to  both  the  fast- 
tracking  technique  and  to  the  ATM  system,  an  initial  experimental  objective  of  the  pro¬ 
gram  was  to  test  this  theory.  The  key  test  was  conducted  over  a  450-ft  outdoor  path 
using  two  laser-transmitter/pinhole-receiver  units  directed  toward  one  nother.  In 
each  unit,  the  transmitter  and  receiver  were  in  a  conjugate  relationship  to  one  another 
and  shared  a  common  aperture,  as  required  by  the  theory.  For  a  series  of  measure¬ 
ments  with  beam  diameters  from  1.25  to  5  cm,  the  normalized  cross  corremtion  of  the 
two  received  signals  was  found  to  be  0. 964  ±  0. 023  (la),  a  value  in  satisfactory  agree¬ 
ment  with  the  theoretical  value  of  unity.  As  beam  breakup  ranged  from  negligible  to 
severe  for  the  range  of  aperture  sizes  used,  the  validity  of  reciprocity  theory  is  con¬ 
sidered  to  be  well  substantiated  for  all  beam-perturbation  conditions  of  practical 
interest. 


To  provide  quantitative  criteria  for  the  design  of  the  experiments,  the  reciprocity  theory 
was  reviewed  in  detail  and  was  extended  to  cover  the  quasicoherent  pinhole-detector  re¬ 
ceiver  using  a  pinhole  of  finite  size.  Boresight  requirements  also  were  derived  for  a 
fast-tracking  transmitter. 

In  the  fast-tracking  experiment,  an  optical  tracker  associated  with  the  transmitting  laser 
sensed  angle  deflections  of  the  beam  from  a  beacon  laser  eo-located  with  the  receiver 
and  applied  an  equal  correction  to  the  transmitter  by  means  of  beam  steering  optics. 
When  using  artificial  turbulence  that  produced  tracking  errors  similar  to  those  expected 
with  real  atmospheric  turbulence,  it  was  found  that  activation  of  the  beam  steerers  re¬ 
duced  signal  strength  fluctuations  at  the  receiver  by  18  dB  or  more.  The  magnitude  of 
this  improvement  is  regarded  as  adequate  to  demonstrate  the  soundness  of  the  fast- 
tracking  concept. 
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SECTION  I 


INTRODUCTION 


1.  GENERAL 
a.  Background 

A  program  previously  conducted  by  Lockheed  Missiles  &  Space  Company,  Inc. ,  (LMSC) 
for  the  U.  S.  Air  Force,  entitled  ’’Design  Study  for  a  Space  Data  Relay  Subsystem,  " 
involved,  among  other  matters,  the  design  of  a  laser  link  capable  of  transmitting 
extremely  high-rate  data  from  a  ground  terminal  to  a  relay  satellite  in  synchronous 
orbit.  In  the  final  report  on  that  project  (Reference  1)  it  was  emphasized  that  optical 
inhomogeneity  of  the  atmosphere,  associated  with  turbulence  and  convection  processes, 
could  severely  degrade  error  rate  of  such  an  up-link  unless  special  measures  were 
employed.  The  deleterious  effects  were  of  two  types  —  reduction  of  average  gain  of  the 
transmitting  optics  (beam  spreading),  and  signal  fading  induced  by  time-varying  beam 
distortions  (wander  and  breakup) .  The  study  also  showed  that  the  problem,  caused  by 
time-varying  inhomogeneity  of  the  atmosphere  (referred  to  hereafter  as  ’’atmospheric 
turbulence"),  could  not  be  dealt  with  adequately  in  a  practical  sense  by  such  obvious 
expedients  as  increasing  transmitter  power  or  the  size  of  the  transmitting  optics. 

In  arriving  at  a  practical  solution  to  the  up-link  problem,  LMSC  carried  out  under  fhe 
Space  Data  Relay  Subsystem  .Study  an  extensive  analysis  of  the  effects  of  atmospheric 
turbulence  on  ground-to- space  propagation  of  a  laser  beam.  It  was  found,  for  a  given 
strength  of  turbulence,  that  the  deleterious  effects  of  the  atmosphere  could  be  mini¬ 
mized  by  choosing  the  proper  size  transmitting  aperture.  More  important,  by  em¬ 
ploying  special  "fast-tracking"  optics  designed  to  steer  the  transmitting  beam,  instant- 
by-instant,  in  a  way  to  counteract  beam  deflections  that  would  subsequently  bo  caused 
by  the  atmosphere,  the  optimum  size  of  the  antenna  is  about  three  times  larger  than 
that  of  an  optimum  conventional  (slow-tracking)  transmitter.  Associated  with  this  in¬ 
crease  in  antenna  size  is  an  improvement  of  about  10  dB  in  effective  transmitter  power. 

The  required  beam  steering  action  is  obtained  by  using  an  optical  tracker  that  shares 
the  transmitter  optics,  including  the  beam  steerer,  and  senses  charges  in  the  apparent 
location  of  the  intended  receiver  by  tracking  a  beacon  laser  co-located  with  the  re¬ 
ceiver.  The  error  signals  generated  by  the  tracker  drive  the  fast-tracking  optics 
through  a  servo-amplifier  in  a  way  to  reduce  the  tracking  error  and,  in  the  process, 
also  deflect  the  transmitted  beam  by  exactly  the  desired  amount.  A  transmitter  whose 
beam  direction  is  controlled  in  this  way  can  equally  well  be  described  by  the  term 
"fast-steering, "  (if  the  emphasis  is  to  be  placed  on  the  action  of  the  optics  in  con¬ 
trolling  the  transmitted  beam  direction)  or  fast-tracking  (if  it  is  desired  to  emphasize 
the  means  by  which  the  steering  action  is  mechanized) .  These  two  terms  will  be  used 
interchangeably  (or  coupled  together),  depending  upon  the  aspects  of  the  problem  re¬ 
quiring  emphasis . 
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The  analysis  of  atmospheric  turbulence  effects  performed  in  the  abovementioned  design 
study  (Reference  1)  and  the  concept  of  a  fast-tracking  transmitter  were  both  based  in 
large  part  on  a  theory  of  optical  antenna  gain  reciprocity,  also  presented  in  the  design 
study.  Briefly,  this  theory  states  that,  given  an  optical  signal  link  consisting  of  two 
optical  apertures  or  antennas,  a  propagation  path  between  them,  and  one  aperture  repre¬ 
senting  a  laser  transmitter  and  the  other  an  optical  heterodyne  receiver,  then  the  signal 
generated  at  the  receiver  is  the  same,  under  certain  conditions,  regardless  of  which  aperture 
is  used  as  the  receiver.  That  is,  the  effect  of  atmospheric  turbulence  and  of  aperture  wave 
function  variations  (e.g.,  transmitter  primary  aperture  illumination  pattern)  is  the  same, 
no  matter  which  way  the  optical  signal  is  flowing. 

The  reciprocity  theory  derived  in  that  design  study  involved  the  simplifying  assumption 
of  coherent  (e.  g. ,  heterodyne)  reception.  To  improve  the  applicability  of  reciprocity 
theory  to  laser  communication  systems  employing  incoherent  (e.  g. ,  photon  counting) 
receivers,  the  theory  has  been  extended  to  that  case.  (See  Appendix  II.) 

In  order  to  arrive  at  a  practical  design  of  an  up-link,  it  was  necessary  in  the  system 
design  study  mentioned  above  to  make  quantitative  (absolute)  performance  predictions . 

In  that  study,  it  was  shown  that,  on  the  basis  of  reciprocity  theory,  certain  existing  data 
on  star  image  fluctuations  could  be  used  as  a  basis  for  predicting  performance  of  an 
up-link  under  the  atmospheric  conditions  that  existed  during  the  measurements.  Finally, 
the  study  showed  that  the  quantitative  experimental  data  on  the  optical  properties  of  the 
atmosphere  that  was  available  was  inadequate  for  predicting  the  performance  of  a  ground- 
to-spaee  link,  particularly  during  daytime.  The  best  available  data  are  based  on  measure¬ 
ments  of  star  image  fluctuations  made  only  at  night,  at  only  a  few  locations,  and  over  only 
short  periods  of  time.  The  need  for  more  intensive  measurements  was  clearly  indicated. 

b.  Major  Program  Objectives 

This  program  is  based  in  large  part  on  the  findings  of  the  Space  Data  Relay  Subsystem 
Design  Study  (Reference  1)  and  had  the  following  main  objectives: 

(1)  Experimentally  test  optical  reciprocity  theory  for  propagation  over  a  turbulent 
atmospheric  path. 

(2)  Demonstrate  the  effectiveness  of  transmitter  fast-steering,  in  combination 
with  beacon  fast  tracking,  in  reducing  signal  fading  on  a  laser  link  that 
traverses  a  turbulent  path. 

(3)  Design  a  transportable  measurement  system  capable  of  providing  quantitative 
drta,  day  or  night,  on  the  transmission  properties  of  a  ground-to-space  optical 
link.  The  system  is  to  make  use  of  a  novel  approach,  originated  by  LM3C,  and 
based  on  reciprocity  theory,  ?n  which  a  star  tracking  sensor  that  is  coupled  to 
an  astronomical  telescope  measures  fluctuations  in  intensity  and  position  of 
stellar  images.  The  measurements  are  to  be  made  in  such  a  way  that  the 
results  will  allow  interpretation  directly  in  terms  of  performance  of  an  up-link 
through  the  atmosphere.  The  design  is  to  be  sufficiently  detailed  to  serve  as  a 
basis  for  a  follow-on  development  program.  Also,  a  plan  for  a  field  measure¬ 
ment  program  is  to  be  prepared. 

The  verification  of  the  optical  reciprocity  theory  (first  objective)  is  of  central  importance 
in  the  program  because  the  validity  of  the  fast-steering  concept  (second  objective)  and  of 
the  approach  to  atmospheric  transmission  based  on  use  of  a  tracking  star  sensor  (third 
objective)  depend  in  a  fundamental  way  on  the  validity  of  the  theory.  Accordingly,  a 
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major  part  of  the  work  performed  has  been  related  to  the  verification  of  the  theory.  As  a 
result,  the  theory  is  now  considered  by  LMSC  to  have  been  confirmed  in  an  unambiguous 
way  and  with  ample  accuracy  to  assure  that  the  concepts  underlying  the  last  two  objectives 
are  sound.  The  experimental  results  obtained  in  the  Beacon  Fast  Tracking  experiment 
further  substantiate  the  reciprocity  theory  and,  in  addition,  directly  support  the  approach 
to  atmospheric  transmission  measurement  based  on  star  image  sensing. 

c.  Program  Organization 

The  reciprocity  verification  test  was  carried  out  at  the  Lockheed  Palo  Alto  Research 
Laboratories  by  LMSC  personnel  with  assistance  from  Dr.  David  L.  Fried,  of  Optical 
Science  Consultants,  on  the  initial  design  of  the  experiment.  The  Beacon  Fast  Tracking 
experiment  was  also  conducted  at  the  Lockheed  Palo  Alto  Research  Laboratory  by  LMSC 
personnel,  with  assistance  from  ITT-Gilfillan  personnel.  The  experiment  was  performed 
using  an  optical  acquisition  and  tracking  system  developed  jointly  by  LMSC  and  ITT- 
Gilfillan  for  other  purposes,  but  made  available  for  use  on  this  program.  A  major  part 
of  the  study  effort  relating  to  the  design  of  an  Atmospheric  Transmission  Measurement 
(ATM)  system  was  conducted  by  ITT-Gilfillan  under  subcontract  from  LMSC .  Dr .  Fried 
assisted  in  formulating  the  measurement  system  concept  and  in  performing  analyses 
leading  to  an  initial  definition  of  measurement  system  parameters.  LMSC  was  respon¬ 
sible  for  the  design  of  a  data  recording  and  preliminary  processing  subsystem  that  would 
be  an  integral  part  of  the  transportable  measurement  system  and  also  prepared  the  field 
measurement  program  plan. 

2.  REPORT  ORGANIZATION 


This  report  presents,  in  Sections  II,  III,  and  IV,  the  work  accomplished  under  the 
ATM  1  program  in  order  to  fulfill  the  previously  noted  major  program  objectives. 
Section  IV  also  includes  a  recommended  schedule  and  task  breakdown  for  a  follow-on 
effort  for  development  of  the  ATM  system  and  for  the  conduct  of  a  field  measurement 
program.  Section  V  summarizes  conclusions  and  recommendations,  and  supporting 
data  are  provided  in  Appendixes  I  through  IX. 


SECTION  n 


FADE  CORRELATION  EXPERIMENT 


1.  GENERAL 

This  experiment  is  designed  to  test  the  validity  of  the  theory  of  optical  antenna  gain 
reciprocity  for  propagation  through  a  turbulent  atmosphere.  In  Section  I,  the  need  for 
a  critical  and  unambiguous  test  to  establish  the  applicability  of  the  theory  as  a  basis 
for  measuring  and  predicting  the  performance  of  optical  links  employing  atmospheric 
paths  has  already  been  indicated.  In  this  section,  the  experimental  testing  of  reci¬ 
procity  theory  that  has  been  conducted  under  this  contract  is  described,  and  the  test 
results  are  presented  and  evaluated.  Before  detailing  the  tests,  a  review  of  the  con¬ 
cept  of  propagation  reciprocity,  and  a  summary  of  the  principal  consequences  of  the 
theory  are  presented.  Also,  a  review  is  given  of  the  optical  principles  involved  and 
of  the  statistical  measurement  methods  employed  that  are  br  sic  to  an  understanding 
of  the  experiments. 

2.  OPTICAL  ANTENNA  GAIN  RECIPROCITY  THEORY 

a.  Reciprocity  Concept  and  Summary  of  Theory  Develope  i 

In  Appendix  I,  optical  reciprocity  theory  is  developed  rigorously  for  the  case  of  a 
laser  transmitter  and  a  heterodyne  (coherent)  receiver.  Because  of  its  relative  sim¬ 
plicity,  a  photon-counting  or  "incoherent"  receiver  is  preferable  to  a  heterodyne  re¬ 
ceiver  for  this  experiment,  as  well  as  for  many  other  situations.  However,  the  appli¬ 
cability  of  reciprocity  theory  to  a  link  using  a  photon-counting  receiver  had  not  previously 
been  established  and  therefore  required  investigation.  The  necessary  extension  of  reci¬ 
procity  theory  is  carried  out  in  Appendix  n  where  it  is  shown  that  the  theory  applies  with 
only  minor  qualification.  The  conditions  of  applicability  are  presented  and  discussed  in 
Section  n,  2,  b. 

(1)  Reciprocity  Concept.  The  concept  of  propagation  reciprocity  in  its  most  commonly 
used  form  relates  to  microwave  antenna  gain.  Put  into  simplest  terms,  the  concept 
states  that  an  antenna  will  perform  equally  well,  i.e. ,  provide  the  same  antenna  gain, 
whether  used  as  part  of  either  a  transmitter  system  or  receiver  system.  In  applying 
the  concept  of  reciprocity  to  microwave  antennas,  it  is  usually  the  effect  of  imperfec¬ 
tions  and  misalignments  in  the  antenna  that  are  of  interest.  In  this  program,  however, 
the  effect  of  the  propagation  medium  on  the  performance  of  an  optical  link  is  emphasized. 
It  is  not  imperfections  in  the  antenna  per  se  (which  are  assumed  to  be  ideal)  that  con¬ 
cerns  us,  but  rather  the  effect  of  the  atmosphere  in  distorting  the  wave  launched  by  the 
antenna  if  it  is  acting  as  part  of  a  transmitter  system,  or  the  wave  received  by  the 
antenna  if  it  is  part  of  a  receiver  system.  The  concept  of  reciprocity  as  applied  to 
optical  propagation  asserts  that  under  certain  conditions  the  effects  of  atmospheric 
inhomogeneities  on  the  performance  of  an  optical  link  is  quantitatively  the  same  whether 
the  antenna  functions  as  part  of  a  transmitter  or  a  receiver.  Although  physically,  the 
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link  degradation  of  interest  here  is  caused  by  time-varying  beam  distortions  that  occur 
in  the  path  between  the  antennas,  it  is  convenient  to  think  of  the  degradation  as  due  to  a 
reduction  of  antenna  gain  caused  by  perturbations  of  the  actual  transmitter  'or  receiver) 
beam  pattern.  Much  of  the  following  discussion  is  couched  in  these  terms. 

When  reciprocity  is  claimed  for  optical  system  performance  in  the  presence  of  atmos¬ 
pheric  turbulence,  it  is  said,  in  essence,  that  if  (1)  an  optical  link  were  established 
between  a  laser  transmitter  and  an  optical  heterodyne  receiver  (with  atmospheric  tur¬ 
bulence  somewhere  in  the  propagation  path),  and  (2)  if  the  role  of  the  two  ends  of  the 
link  were  then  interchanged,  (leaving  the  antenna  apertures  as  they  were),  the  signal 
strength  developed  over  the  link  would  remain  the  same.  It  should  be  noted  that  this 
claim  of  reciprocity  is  to  be  understood  as  applying  on  an  instantaneous,  random- 
sample  basis,  as  well  as  on  a  statistical  basis. 

A  consideration  that  almost  never  arises  in  the  microwave  case,  but  which  must  always 
be  kept  in  mind  in  dealing  with  optical  systems  is  the  distinction  between  systems  that 
are  sensitive  or  insensitive,  respectively,  to  wavefront  distortion.  Because  the  ultimate 
interest  of  this  effort  points  toward  improving  antenna  pointing  as  a  means  for  improving 
the  transmission  characteristics  of  optical  links  through  the  atmosphere,  the  photon 
bucket  receiver  or  the  searchlight  transmitter,  are  not  of  eoncen-  here  since  they  fall 
into  the  wavefront  insensitive  category.  Attention  is  therefore  restricted  to  the  laser 
transmitter  and  the  optical  heterodyne  or  pinhole  detector  receiver,  in  which  perform¬ 
ance  indicates  sensitivity  to  wavefront  tilt  or  other  distortions. 

(2)  Summary  of  Reciprocity  Theory.  A  theoretical  proof  of  optical  antenna  gain  reci¬ 
procity  for  transmission  through  random,  inhomogeneous  media  is  given  in  Appendix  I. 
The  appendix  begins  with  a  detailed  presentation  of  the  general  proof  of  reciprocity  for 
the  so-called  point-to-point  case  in  the  form  given  by  Lutomirski  and  Yv.ra  (Reference  2). 
They  show  that,  if  a  nondirectional  transmitter  of  unit  strength  located  at  a  point  defined 
by  position  vector  "rj  produces  a  signal  ip( rj  ."rj) )  at  a  point  receiver  located  at  "r2. 
the  same  transmitter  located  at  point  “r2  would  then  produce  the  same  signal  at  “ri. 

This  result  is  expressed  by  the  simple  relation 

1»'r2)  =  (!) 

An  interesting  feature  of  the  proof  is  its  simplicity  and  freedom  from  approximations, 
such  as  truncations  of  infinite  series,  that  create  so  much  difficulty  and  uncertainty  in 
many  aspects  of  the  theory  of  optical  propagation  through  random  media.  Especially 
important  is  the  fact  that  the  proof  requires  no  specification  of  the  nature  of  the  path 
inhomogeneity.  That  is,  the  results  are  independent  of  the  cause  or  nature  of  the  path 
perturbations  and  therefore  do  not  depend  upon  the  validity  of  any  particular  model  of 
atmospheric  turbulence. 1 

iMore  precisely,  the  proof  requires  that  the  propagation  process  be  governed  by  a 
scalar  wave  equation.  This  restriction  excludes  nonlinear  and  gyromagnetic  media, 
but  these  cases  do  not  concern  us. 
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Next,  the  case  is  taken  up  of  propagation  between  a  laser  transmitter  with  telescope 
fc  optics  and  a  point  receiver,  on  the  one  hand  and,  on  the  other,  the  reciprocal  situation 

of  propagation  between  a  point  transmitter  and  an  optical  heterodyne  receiver  with  the 
same  telescope  optics.  Again,  the  reciprocity  relation  Eq.  (1)  is  shown  to  hold  if  the 
quantity  ip  is  now  taken  to  be  the  receiver  beat-frequency  output  signal,  and  the  heter¬ 
odyning  is  accomplished  in  an  appropriate  manner.  The  receiver  configuration  re¬ 
quired  is  discussed  in  the  following  Section. 

Finally,  Appendix  I  treats  the  case  of  aperture-to-aperture  reciprocity,  i.  e. ,  trans¬ 
mission  between  telescopes.  In  this  instance,  only  a  sketch  of  the  proof  is  presented, 
but  all  essential  steps  are  indicated.  Again,  without  approximations  or  restrictions 
other  than  those  previously  stated,  exact  reciprocity  is  demonstrated. 

b.  Extension  to  Incoherent  Reception 

The  development  of  reciprocity  theory  in  Appendix  I  for  the  case  of  finite  transmitting 
apertures  involves  the  concept  of  a  heterodyne  receiver  with  a  local  oscillator  beam 
that  has  a  wavefront  structure  identical  to  the  transmitting  beam  with  which  the  re¬ 
ceiver  is  associated.  In  Appendix  n,  the  theory  is  extended  to  the  case  of  a  diffraction- 
limited,  photon-counting  receiver  that  does  not  employ  a  local  oscillator  but,  rather, 
uses  a  pinhole  aperture  at  the  focal  plane  to  obtain  sensitivity  to  wavefront  changes  in 
the  received  signal.  These  receiver  types  are  illustrated  ar.d  compared  as  a  basis  for 
presenting  the  conclusion  of  the  theory  for  the  incoherent  receiver. 

Figure  1(a)  represents  an  optical  heterodyne  receiver  in  which  the  transmitting  beam 
passes  through  a  beamsplitter  located  between  the  laser  and  the  primary  optics  (the 
*  latter  not  shown).  The  local  oscillator  produces  a  wavefront  that  is  identical  in  ampli¬ 

tude  and  phase  to  the  transmitter  wave  at  each  point  on  the  beamsplitter,  except  that 
the  local  oscillator  wave  is  offset  in  frequency.  The  received  signal  (from  the  primary 
optics)  is  partially  reflected  by  the  beamsplitter  and  combines  with  tne  portion  of  the 
local-oscillator  wave  that  is  transmitted  by  the  beamsplitter.  These  two  signals  pro¬ 
duce  a  beat-frequency  component  in  the  photodetector  output  current.  This  component 
is  selected  by  the  beat-frequency  filter;  it  is  square-law  detected;  and  it  is  then  low- 
pass  filtered  to  select  the  signal  modulation  components  of  interest  as  the  useful  receiver 
output. 

Figure  1  shows  focal  points  of  the  transmitter  and  local  oscillator  beams  at  O-j-  and  Op, 
respectively.  When  these  points  are  mirror  images  of  one  another  in  the  beamsplitter, 
the  receiver  and  transmitter  are  said  to  be  conjugated  to  one  another.  Under  this  condi¬ 
tion,  a  received  beam  with  wavefronts  identical  to  the  transmitted  wavefronts  at  the 
beamsplitter,  except  for  having  opposite  propagation  direction,  will  produce  maximum 
receiver  output.  Distortion  or  tilt  of  the  received  wavefront  will  reduce  the  output.  It 
can  be  shown  that  the  heterodyne  receiver  is  sensitive  to  such  wavefront  changes  even 
4  though  no  aperture  is  used  at  the  focal  point  Op. 
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Ideally,  a  heterodyne  receiver  would  be  used  in  an  experimental  test  of  optical  antenna 
reciprocity  theory  because  this  is  the  type  assumed  in  the  development  of  the  theory. 
However,  choice  of  such  a  receiver  would  lead  to  a  major  complication  of  the  experi¬ 
ment  because  of  the  need  to  stabilize  the  frequency  of  the  receiver  local  oscillator 
relative  to  that  oi  the  transmitter  at  the  opposite  end  of  the  link.  (Without  stabiliza¬ 
tion,  the  bandwidth  of  the  beat- frequency  signal  would  become  excessive. )  Also,  a 
heterodyne  receiver  is  not  representative  of  the  type  that  is  attractive  for  most  practi¬ 
cal  applications,  namely,  a  photon-counting  receiver.  In  v5ew  of  these  considerations, 
the  question  arises  as  to  whether,  or  under  what  conditions,  a  photon-  counting  receiver 
can  be  used  in  an  experimental  test  of  reciprocity  theory.  This  question  is  taken  up  in 
Appendix  n  where  a  receiver  of  the  type  represented  in  Figure  1(b)  is  analyzed.  A 
local  oscillator  is  not  used.  Instead,  wavefront  sensitivity  is  obtained  by  placing  a  pin¬ 
hole  aperture  ahead  of  the  photodetector  at  the  focal  point  of  the  primary  optics,  as  re¬ 
flected  in  the  beamsplitter.  It  is  shown  in  Appendix  B  that  this  receiver  responds  to 
changes  of  the  received  signal  wavefront  in  exactly  the  same  manner  as  the  heterodyne 
detector,  provided  that  the  photodetector  pinhole  is  made  sufficiently  small.  Assuming 
this  latter  condition  is  met,  it  follows  that  the  photon-counting  detector  is  equivalent  to 
the  heterodyne  receiver,  at  least  insofar  as  wavefront  distortions  are  manifested  as  sig¬ 
nal  strength  changes  at  the  receiver  output.  (The  heterodyne  receiver  will  also  sense 
changes  of  wavefront  phase  whereas  the  photon  counter  will  not.)  These  consequences 
of  reciprocity  theory  can  be  applied  to  a  laser  communication  subsystem  both  as  a 
means  of  maintaining  precise  pointing  of  a  laser  transmitter  (and  associated  beacon 
receiver)  toward  an  intended  receiver  (and  associated  beacon  transmitter) ,  and  the 
reverse. 


Because  of  the  restriction  on  pinhole  size,  the  questions  of  how  small  is  "small  enough" 
and  what  fraction  of  the  available  light  is  then  transmitted  must  be  considered.  An  upper 
bound  on  the  error  in  indicated  signal-strength  fluctuations  is  derived  in  Appendix  EL.  The 
analysis  shows  that  the  error  decreases  rapidly  as  the  pinhole  diameter  is  reduced  rela¬ 
tive  to  the  theoretical  size  of  the  diffraction  spot  at  the  pinhole  plane  that  would  be  pro¬ 
duced  by  ideal  optics  imaging  a  uniform  wavefront.  Taking  fX  as  a  measure  of  the  dif¬ 
fraction  spot  size,  where  f  is  the  convergence  angle  produced  by  the  primary  optics 
(also  the  effective  f/number  of  the  receiving  optics  as  referred  to  the  pinhole  plane)  and 
X  is  the  wavelength,  the  measurement  error  rj  is  found  to  vary  with  detector  pinhole 
diameter,  as  shown  in  Figure  2.  The  abscissa  a  is  the  ratio  of  pinhole  diameter  to 
diffraction  spot  size  fX  ;  for  example,  the  error  will  be  less  than  10  percent  if  the  pin¬ 
hole  diameter  is  less  than  0.6  fX .  Under  this  condition,  it  can  be  shown  that  the  pin¬ 
hole  will  transmit  almost  20  percent  of  the  light  that  is  available  when  the  wave  front 
at  the  primary  aperture  is  undistorted.  This  criterion  is  used  in  the  design  of  the 
Atmospheric  Transmission  Measurement  (ATM)  system  described  in  Section  IV. 

In  the  experimental  system  used  for  the  test  of  optical  reciprocity  theory,  a  more 
severe  diameter  criterion  is  adopted,  namely  a  <  0. 4.  According  to  Figure  2,  this 
choice  assures  that  measurement  errors  due  to  departure  from  the  conditions  for 
exact  reciprocity  will  be  less  than  approximately  5  percent. 
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Figure  2  Error  Due  to  Finite  Pinhole  Aperture  Size  in  a  Photon-Counting  Receiver 
3-  EXPERIMENT  CONCEPT 
a.  Brief  Description  of  Experiment 

An  experimental  arrangement  that  incorporates  all  of  the  features  needed  for  a  rigor¬ 
ous  test  of  optical  antenna  gain  reciprocity  is  shown  schematically  in  Figure  3.  Two 
sets  of  telescope  optics  are  used  to  project  laser  beams  toward  each  other  via  a  path¬ 
folding  mirror.  A  portion  of  the  energy  received  by  each  set  of  optics  is  directed,  as 
shown,  into  a  photodetector  by  means  of  a  beamsplitter.  In  each  transmitter /receiver 
unit,  a  pinhole  aperture  is  located  at  the  focal  plane  of  the  received  beam.  In  Figure  3, 
the  telescopes  at  each  end  of  the  link,  and  their  respective  receiving  pinholes,  are 
shown  as  having  identical  configurations,  but  there  is  no  requirement  for  such  symmetry.2 


2In  designing  and  carrying  out  the  experiment,  certain  variations  from  the  configura¬ 
tion  shown  were  found  necessary  or  desirable.  However,  as  these  changes  did  not 
involve  any  fundamental  changes  in  the  experiment,  concept,  discussion  of  these 
variations  will  be  included  in  the  description  of  the  experimental  system  actually 
used.  (See  Section  4.  ) 
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FOLDED  PROPAGATION  PATH 


Figure  3  Optical  Schematic  Showing  Essential  Feature  of  Experimental  Arrangement 
for  Testing  Optical  Antenna  Gain  Reciprocity 

According  to  reciprocity  theory,  any  perturbation  of  the  optical  path  will  cause  the  two 
photodetector  output  signals  to  fluctuate  identically.  In  order  to  measure  the  degree 
of  identity,  these  signals  will  be  fed  to  a  signal  analyzer  that  will  calculate  their  cor¬ 
relation  coefficient.  Ideally,  the  value  of  this  quantity  would  be  unity,  and  any  depar¬ 
ture  (below  unity)  would  indicate  some  degree  of  non-identity.  In  Section  II,  3,  b,  the 
sense  in  which  the  correlation  coefficient  is  a  measure  of  signal  identity  is  shown. 

This  experiment  has  two  special  requirements.  The  first  of  these  is  that  the  receiving 
pinhole  and  the  transmitter  beam  focus  be  conjugate  to  one  another  (i.e. ,  mirror 
images),  with  resr  t  to  the  beamsplitter.  (See  Section  n,  2,  b.)  This  means  that  the 
optical  path  length  irom  any  arbitrary  point  in  the  primary  aperture  of  the  optics  to  the 
pinhole  point,  including  refractive  disturbances,  is  the  same  as  the  path  length  from  the 
aperture  point  to  a  corresponding  point  in  the  transmitter  focal  plane.  With  the  pinhole 
defining  a  receiver,  and  with  the  conjugate  transmitter  focal  point  defining  a  transmitter 
effective  source  location,  the  transmitter  and  receiver  operate  over  the  same  propaga¬ 
tion  path  forward  of  the  lens  aperture. 

The  second  special  requirement  of  the  experiment  is  that  the  size  of  the  optics  and  their 
arrangement  be  such  that  the  effects  of  atmospheric  turbulence  on  propagation  will  make 
the  signal  fluctuate  significantly.  In  particular,  the  design  must  permit  the  detected  sig¬ 
nal  strength  to  be  affected  by  wavefront  distortion  at  the  lens  aperture  (e.  g, ,  wavefront 
tilt)  even  if  the  disturbance  is  not  great  enough  to  cause  variation  of  the  total  radiation 
falling  on  the  lens.  This  sensitivity  to  wave-front  distortion  is  obtained  by  using  a  large- 
enough  primary  aperture,  and  by  using  photodetector  pinholes  small  enough  to  satisfy 
the  criterion,  previously  stated  in  Section  II,  2,  b,  that  assures  applicability  of  reci¬ 
procity  to  the  case  of  a  photon- counting  receiver. 


b.  Statistical  Quantities  to  be  Measured 


In  this  section,  the  sense  in  which  the  correlation  coefficient  of  two  random  signals  is 
a  measure  of  their  similarity,  or  alternatively,  the  degree  to  which  they  differ  will  be 
shown.  Further,  the  relationship  of  the  correlation  coefficient  of  the  two  signals  to 
their  correlation  function  as  computed  by  the  signal  analyzer  will  be  indicated,  followed 
by  a  brief  discussion  of  the  other  statistical  quantities  that  must  be  measured  in  order 
to  define  the  strength  of  signal  fading. 

(1)  Cross-Correl.  ion  Coefficient.  It  will  be  convenient  to  represent  the  two  random 
signals  in  the  following  form: 

A(t)  =  A  +  a  (t) 

B(t)  B  +  b  (t) 

where  A  and  a(t)  are,  respectively,  the  d-c  and  a-c  components  of  signal  A  (t),  and  B 
and  B(t)  are  similar  components  for  B(t).  The  instantaneous  difference  between  the 
two  signals,  denoted  by  6  (t),  is 

6(t)  =  A(t)  -  B  (t)  =  (A  -  §)  -  [a  (t)  -  b(t)]  (2) 

Because  A  (t)  and  B  (t)  are  random  variables  and  not  necessarily  identical  to  one 
another,  5(t)  is,  in  general,  a  nonzero  random  variable. 

In  the  experiment,  the  relative  amplitudes  of  the  two  signals  are  adjusted  (by  adjustment 
of  the  optical  attenuator  of  one  of  the  transmitters)  so  that  the  two  signals  have  the  same 
mean  level.  Under  this  condition,  the  term,  (A  -  B)  vanishes  in  the  expression  for 
6  (t),  Eq.  (2),  and  the  instantaneous  signal  difference  becomes 

6(t)  =  a  (t)  -  b(t)  (3) 

As  a  statistical  measure  of  the  signal  difference,  the  time  average  of  the  quantity  62(t) 
is  next  calculated  —  working  with  the  square  of  6  (t)  leeause  the  simple  average  would 
vanish  since,  by  definition,  both  a  (t)  and  b  (t)  are  pure  a-c  quantities  ~  squaring 
Eq.  (3)  then  gives 

62  (t)  =  a2  (t)  +  b2  (t)  -  2  a  (t)  b  (t) .  (4) 

Denoting  time  averages  by  an  overbar  gives 


62(t)  =  a2  (t)  +  b?\t)  -  2  a  (t)  b  (t)  (5) 

This  equation  states  that  the  average  power  of  the  difference  variable  5(t)  is  equal  to 
the  sum  of  the  a-c  powers  of  the  two  input  signals  reduced  by  twice  the  average  of  the 
product  of  the  two  signals.  In  statistics,  the  average  of  a  product  of  two  random 
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variables  a  (t)  and  b  (t)  is  termed  cross  correlation.  Therefore,  an  equivalent  state¬ 
ment  in  statistical  terms  is  that  the  variance  of  the  difference  is  equal  to  the  sum  of 
the  variances  of  the  given  or  "input"  variables  reduced  by  twice  their  cross  correlation. 

ft  has  already  been  postulated  that  the  two  input  variables  have  been  adjusted  so  that 
their  d-c  or  mean  values  are  equal.  The  assumption  is  now  made  that,  under  this  con¬ 
dition,  they  will  also  have  the  same  a-c  power  or  variance.^  Under  this  assumption, 
Eq.  (5)  can  be  rewritten  in  the  form: 


6 2  (t) 


Dividing  both  sides  by  a  gives 


=  2p  -  a(t)b(t)J 

=  2[i  -  sees: j 


(6) 


(7) 


The  left-hand  quantity  is  the  normalized  difference  variance.  It  is  the  difference  vari¬ 
ance  that  would  be  measured  if  the  input  variance  were  adjusted  to  a  value  of  unity.  The 
quantity  a  (t)  b  (t )/o2  on  the  right-hand  side  is  the  normalized  cross-correlation  coef¬ 
ficient  and  will  be  designated  by  p  .  Using  this  notation,  Eq.  (6)  can  be  rewritten  as 


d2( t)  = 


2  (1  -  p) 


(8) 


It  is  obvious  that  as  p  —  1.  0,  6*  (t)  -*  0  ;  that  is;  a  correlation  coefficient  close  to 
unity  implies  a  small  (mean  square)  value  of  the  difference  signal  and,  therefore,  near 
identity  of  the  two  input  signals. 

Further  interpretation  of  p  as  a  measure  of  signal  difference  can  be  obtained  by  solv¬ 
ing  Eq.  (8)  for  p  and  squaring.  This  gives 

,2 


ip)2  -  1  -4*1 


i(.¥) 


to  the  case  of  high  correlation;  i. 
6  3  (t)/cr“  «  1.  Therefore,  the  th 


Attention  is  now  restricted 
cated,  under  this  condition  6*  (t)/cr^ 
much  smaller  than  the  second  and  can  be  neglected, 
dr  (t)/cr^  gives  the  approximate  result 


e. ,  p  *  1.  As  just  indi- 
third  term  on  the  right  is 
Solving  the  resulting  expression  for 


«isi  - 

_2 


1  -  P 


(9) 


3 At  first  thought,  it  may  appear  that  this  assumption  prejudices  the  results  of  this  develop¬ 
ment  by  artificially  imposing  a  degree  of  equality  of  the  signals.  In  actuality,  this  is  not 
the  case  since  the  assumption  does  not  preclude  the  possibility  that  the  signals  can  fluc¬ 
tuate  relative  to  one  another  by  arbitrarily  large  amounts.  It  requires  only  that  the 
squared  values  of  these  two  sets  of  fluctuations  have  the  same  long-term  average  value. 
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That  is,  for  high  correlation  values,  the  normalized  difference  power  is  just  the  differ¬ 
ence  between  unity  and  the  square  of  the  correlation  coefficient.  It  is  the  latter  quantity, 
rather  than  the  unsquared  correlation  coefficient,  that  actually  is  calculated  anl  displayed 
by  the  signal  analyzer.  However,  the  true  correlation  coefficient  is  given  wherever  values 
are  quoted  in  the  text  or  listed  in  summary  tables,  since  this  is  the  more  generally  accepted 
statistical  measure  of  signal  identity. 

(2)  Normalized  Cross-Correlation  Function.  The  cross-correlation  function  of  two  random 
variables,  a  (t)  and  fc  (t)  ,  is  an  extension  of  the  concept  of  cross- correlation  coefficient  in 
that  a  time-shift  parameter  r  is  now  involved.  Instead  of  calculating  the  time  average  of 
the  product  a  (t)  •  b  (t)  ,  as  in  the  previous  section,  the  average  of  the  product  with  one  of 
the  signals  shifted  by  an  amount  r  is  calculated.  This  average  (ideally)  is  then  calculated 
for  all  values  of  r  ,  negative  as  well  as  positive.  In  general,  a  different  cross-correlation 
value  is  obtained  for  each  value  of  the  time  shift  r  ;  that  is,  the  cross  correlation  is  now 
a  function  of  t  .  This  shift-and-average  process  is  represented  by  a(t)  b(t-r),  where 
b  (t-r)  represents  the  b  signal  after  it  has  been  delayed  in  time  by  t  sec  (e.g. ,  by  pass¬ 
ing  it  through  a  delay  line  of  ’’length"  7).  When  this  product  average  is  suitably  normalized, 
it  is  denoted  by  p  (r). 

For  the  purposes  of  this  analysis,  it  is  advantageous  to  use  a  slightly  different  approach  to 
normalization  than  that  used  in  the  previous  discussion,  namely,  one  that  yields  unity 
correlation  when  the  two  signals  are  identical  except  for  a  possible  difference  in  amplitude 
scaie  for  the  two.  (This  change  is  made  because,  experimentally,  it  is  difficult  to  assure 
equality  of  mean  values  of  two  randomly,  fluctuating  signals. )  The  definition  of  normalized 
cross-correlation  function  adopted  is 


p(t)  = 


% 


(10) 


2 

where  aa  anc^  °b  are>  respectively,  the  variances  of  the  a- and  b- signals.  With 


r  -  0,  this  expression  reduces  to  the  correlation  coefficient  discussed  in  the  previous 
section,  except  for  the  change  in  normalization.  It  agrees  exactly  if  the  two  signals 
become  identical,  even  as  to  amplitude  scale. 


In  actuality,  the  signal  analyzer  does  not  calculate  the  correlation  function  by  directly 
averaging  the  product  of  the  two  signals  in  the  way  suggested  by  Eq.  (10).  Instead,  use 
is  made  of  the  fact  proved  in  statistical  signal  theory  that  the  cross-correlation  function 
of  two  signals  and  the  cross-power  spectrum  of  the  two  signals  are  Fourier  transforms 
of  one  another  (Reference  3).  The  cross  power  spectrum  of  two  signals  a  (t)  and  b  (t)is 
denoted  by  G  ^  (co)  and  is  defined  by  the  relation 


W“>  -  Ga<“>  GS<“> 


(11) 


where  Ga(oj)  and  Gb(w)  are  the  ordinary  Fourier  transforms  (complex  spectra)  of 
a  (t)  and  b  (t),  and  the  asterisk  denotes  complex  conjugation. 
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The  signal  analyzer  first  calculates  Ga(w)  and  Gb(u>)  by  means  of  the  Fast  Fourier 
Transform  (FFT)  algorithm.  (See  Reference  4 . )  Next  the  cross  power  spectrum  Ga(w) 
G?(w)  is  calculated.  Because  the  input  signals  A  (t)  and  B  (t)  each  contain  a  random 
component  (in  addition  to  their  d-c  components),  the  Fourier  spectra,  Ga(co),  and  Gb(co),  and 
the  cross  power  spectrum,  Ga(w)  g£(oj),  are  also  random  in  nature.  These  spectra,  as 
computed  from  any  one  short  sequence  of  input  data  points,  therefore  will  not  be  repre¬ 
sentative  of  the  cross  power  spectrum.  Further,  a  cross-correlation  function  obtained 
by  transforming  the  cross  spectrum  also  would  not  be  representative.  To  overcome  this 
difficulty,  a  sequence  of  data  blocks  is  processed,  and  the  resulting  cross  power  spectra 
are  averaged.  The  inverse  FFT  operation  is  then  performed,  and  the  resulting  cross¬ 
correlation  function  is  normalized  in  accordance  with  Eq.  (10)  to  obtain  the  required 
normalized  cross-correlation  function. 

At  first  thought,  it  may  appear  as  a  somewhat  roundabout  procedure  to  calculate  the 
cross-power  spectrum  as  an  intermediate  step  in  obtaining  the  cross-correlation  func¬ 
tion  when  the  latter  could  be  calculated  directly  from  the  signal  data.  Actually,  how¬ 
ever,  the  two-step  process  is  much  faster  because  of  the  speed  advantage  of  the  FFT 
algorithm  and  because  the  latter  is  applied  as  many  times  as  there  are  data  blocks  to 
be  averaged  (typically  25  in  the  present  experiments)  while  the  inverse  transformation 
is  applied  only  once  at  the  end  of  the  averaging  process. 

(3)  Signal  Variance.  Analogous  to  the  cross-correlation  of  two  signals,  the  autocorre- 
lation  function  of  a  signal  a(t)  is  defined  as  the  time  product  average,  a  (t)  a  (t-r);  it 
is  denoted  by  p  a  (r).  This  function  (of  r)  is  the  Fourier  inverse  transform  of  the 
power  spectrum  of  signal  A  (t),  and  similarly  for  signal  B  (t).  The  autocorrelation 
functions,  pa  (t)  =  a  (t)  a  (t-T),  pb(r)  =  b  (t)  b  (t-r)  ,  can  be  calculated  by  a  process 
similar  to  that  used  to  calculate  the  cross- correlation  function.  However,  the  process 
actually  used  differs  in  that  the  self  power  spectra  of  the  A  and  B  signals,  Ga(<o)x 
G|(w)  and  Gj^u))  Gb(co),  respectively,  are  calculated  for  each  data  block  and  averaged. 
These  average  spectra  are  then  inversely  transformed  to  obtain  the  averaged  auto¬ 
correlation  functions  of  the  A  and  B  signals.  It  is  known  from  statistical  theory 
(Reference  3)  that  for  a  signal  with  zero  mean,  the  value  of  the  autocorrelation  function 
for  r  =  0  is  precisely  the  variance  of  the  random  variable;  that  is 

a^  =  Pa(0)  (12) 

and 

a2  =  M,  (0)  (13) 

a  a 

Thus,  the  variance  of  the  A  and  B  signals  is  obtained  by  first  obtaining  their  auto¬ 
correlation  functions.  The  values  of  these  functions  at  zero  time  shift  (t=0)  are  then 
the  values  of  variances  required  in  Eq.  (10)  to  obtain  the  normalized  covariance. 
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(4)  Signal  Mean  Value.  The  mean  value  of  input  signal  A  (or  B)  is  represented  in  its 
Fourier  spectrum  by  the  zero-frequency  term.  As  with  the  power  spectra,  this  term 
fluctuates  randomly  from  one  data  block  to  the  next  (but  is  always  of  the  same  polarity); 
so  again,  averaging  is  used  to  obtain  an  estimate  of  the  true  mean.  This  is  the  quantity 
called  A  (or  B)  as  discussed  in  Section  n,  2,  b,  (1), 

In  the  preceding  sections,  it  has  been  tacitly  assumed,  in  describing  the  methods  used  to 
evaluate  normalized  cross-correlation  and  variance,  that  the  d-c  component  of  the  signal 
was  already  removed  from  the  signal  and  that  the  a-c  component  was  available  for  process¬ 
ing.  Actually  the  d-c  component  must  be  suppressed  intentionally,  and  it  can  now  be  seen 
how  this  is  done.  It  has  already  been  noted  that  the  d-c  component  of  either  signal  is 
•.•epresented  by  the  zero-frequency  term  of  its  complex  Fourier  spectrum  Ga(w).  All 
that  is  required,  therefore,  is  to  set  the  value  of  this  term  equal  to  zero  in  the  analyzer 
before  the  cross-  or  self-power  spectra  are  calculated.  It  is  this  d-c  suppressed  spec¬ 
trum  that  has  been  denoted  previously  by  Ga(cu)  or  G^(cu).  The  d-c  suppression  is 
accomplished  by  clearing  the  appropriate  element  in  the  analyzer  memory.  However, 
the  zero-frequency  term  is  not  discarded;  it  is  accumulated  in  another  memory  location 
for  averaging  as  required  in  order  to  determine  the  signal  d-c  value. 

(5)  Strength  of  Signal  Fading.  A  suitable  measure  of  strength  of  signal  fading  is  the 
ratio  of  signal- intensity  variance  to  mean  intensity  squared,  denoted  here  by  YA  (or  Tjj). 
Since  the  photodetector  output  signal  is  proportional  to  instantaneous  signal  intensity,  an 
equivalent  measure  of  fading  strength  is 


u; 

r  =  — 

A  (A)2 


(14) 


a 


TP  '  2 

(B) 


(15) 


If  the  intensity  I  (or  signal  current)  has  a  log-normal  distribution,  as  is  frequently  the 
case  (i.e. .  the  "log  amplitude"  defined  by  k  -  logo  1® ' 5  has  a  normal  probability  density), 
it  can  be  shown  that  the  log-normal  variance  Cjj  ,  the  variance  of  £ ,  is  related  to  y 
by  the  equation  _ 

ci  =  T  [exp  -1J  <16> 

For  Y  <<  1  ,  this  c  n  be  simplified  to 


c  ~  r 

j*  -  4  ' 


(17) 


16 


In  the  present  experiment,  the  probability  distribution  of  signal  strength  fluctuations 
is  not  measured.  Therefore,  it  cannot  be  asserted  that  the  signal  has  log-normal  statis¬ 
tics  and,  consequently,  the  calculation  of  Cg  by  use  of  Eq.  (15)  cannot  be  rigorously 
justified.  Instead,  this  equation  is  used  to  calculate  an  effective  value  of  Cjj  and  it  is 
asserted  only  that  this  is  the  value  that  would  be  measured  if  the  signal  had  log-normal 
statistics  and  an  intensity  variance  equal  to  the  value  actually  measured. 

4.  EXPERIMENTAL  EQUIPMENT  AND  ALIGNMENT  METHODS 

a.  Overall  System  Description 

Figure  4  is  a  general  view  of  the  measurement  system.  The  two  specially  constructed 
transmitter/receiver  units  are  shown  at  right  and  left  sides  of  the  photograph  with  the 
associated  signal-conditioning  electronics  units.  The  signal  analyzer,  located  in  the 
rack  at  center  rear,  is  a  Hewlett-Packard  Model  5452A  Digital  Fourier  Analyzer.  Output 
data  from  the  analyzer  are  displayed  on  the  oscilloscope  unit  in  the  rack  and  can  be  printed 
out  by  the  teletype  unit.  The  oscilloscope  unit  to  the  left  of  the  rack,  and  the  meter  unit 
above  it,  are  used  for  equipment  alignment  and  for  signal  monitoring. 

The  arrangement  of  the  optics  of  the  two  transmitter  /receiver  units  used  in  the  experi¬ 
ment  is  shown  schematically  in  Figure  5,  and  the  equipment  itself  is  illustrated  in  Fig- 
Figure  6.  Starting  with  the  laser  at  the  right,  the  numbers  1  through  10  indicate  the 
transmitting  sequence.  The  focusing  lens  is  positioned  so  that  the  focal  point  of  the  laser 
beam  is  at  the  plane  of  the  pinhole  aperture ,  and  the  two  are  moved  together  to  place 
the  beam  focus  in  the  focal  plane  of  the  primary  mirror  so  that  the  output  beam  is  col¬ 
limated.  Figures  5  and  6  are  similarly  oriented  so  that  the  components  shown  in  Figure 
6  can  be  easily  identified. 

Under  the  condition  of  adjustment  just  described,  an  incoming  collimated  (plane-wave) 
beam  is  brought  to  a  focus  by  the  primary  mirror  and  then  recollimated  by  the  focusing 
lens.  Approximately  one-half  of  the  received  signal  power  is  reflected  by  the  transmit/ 
receive  beamsplitter  (4)  into  the  receiver  optics  chain.  This  reflected  energy,  after  being  de¬ 
flected  by  a  folding  mirror  (11),  passes  through  a  beam  magnifier  (12)  and  a  focusing  lens 
(13).  Finally,  a  portion  is  reflected  into  the  photodetector  by  a  second  beamsplitter  (Figure  5). 
The  remaining  portion  of  the  received  beam  passes  through  the  beamsplitter  and  falls  on 
the  ground  glass  viewing  screen  in  the  camera.  The  receiver  focusing  lens  is  mounted  in 
the  forward  end  of  the  focusing  bellows  (Figure  6)  and  is  positioned  to  bring  a  collimated 
beam  to  focus  at  the  photodetector.  Immediately  in  front  of  the  photodetector  is  a  pin¬ 
hole  aperture  (250  pm  diam. )  which  serves  as  the  field-defining  aperture  of  the  receiver. 

As  discussed  more  fully  in  Section  n,  4,  e,  this  pinhole  is  equivalent  to  a  pinhole  at  the 
prime  focus  that  is  smaller  than  the  photodetector  pinhole  by  the  magnification  factor  of 
the  receiving  optics.  The  magnification  ratios  used  in  the  measurements  ranged  from 
12 x  to  iOOx.  Correspondingly,  the  receiving  pinhole  size  as  referred  to  the  prime  focus 
ranged  from  21  to  2. 5  pm. 
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Figure  6  Transmitter/Receiver  Unit  -  Overall  View 


The  cube-corner  reflector  shown  above  the  transmit/receive  beamsplitter,  (Figure  5) 
although  not  included  initially  in  the  experiment  concept,  proved  to  be  of  major  impor¬ 
tance  in  simplifying  internal  alignment  of  the  optical  units.  This  use  of  the  corner  re¬ 
flector  was  made  possible  by  a  change  of  the  beamsplitter  arrangement  from  that  origi¬ 
nally  planned.  (The  latter  is  indicated  by  the  dotted  lines  at  the  upper  left  of  Figure  5. 

The  reasons  for  this  change  are  discussed  later  in  this  section. )  The  function  of  the 
comer  reflector  is  to  return  directly  back  on  itself  the  portion  of  the  transmitted  beam 
that  is  split  off  by  the  beamsplitter.  A  part  of  this  retroreflected  beam  passes  through 
the  beamsplitter  and  into  the  receiving  optics,  and  is  focused  by  the  latter  at  the  photo¬ 
detector  pinhole  plane  and  at  the  ground-glass  viewing  screen.  If  the  corner  reflector 
is  an  exact  cube  corner,  then  the  retroreflected  beam  will  be  collimated,  just  as  the 
laser  beam,  more  important,  its  direction  will  be  exactly  the  same  as  that  of  a  received 
beam  that  is  antiparallel  to  the  transmitted  beam. 

The  corner-reflector  beam  therefore,  can  be  used  to  align  the  receiving  optics  so  that 
the  focal  spot  of  such  a  received  beam  will  be  centered  on  the  photodetector  pinhole. 

This  alignment  is  accomplished  by  adjusting  the  orientation  of  the  transmit/receiver 
beamsplitter,  the  receiver  folding  mirror,  and  the  beamsplitter  associated  with  the 
camera  and  photodetector,  so  as  to  maximize  photodetector  output  signal.  After  this 
alignment  is  completed,  the  corner  reflector  beam  is  blocked  to  prevent  interference 
with  the  received  signal.  The  adjustment  procedure  is  detailed  further  in  Section  n,  4,  e. 

b.  Optics  Configuration 

(1)  Reflective  Vs.  Refractive  Optics.  The  choice  between  reflective  and  refractive 
primary  optics  is  largely  dictated  by  the  requirement  that  the  same  element  be  simul¬ 
taneously  usable  for  transmission  and  reception.  This  requires,  in  turn,  that  back- 
scatter  or  reflection  of  the  transmitted  beam  be  kept  small  enough  to  avoid  interference 
with  the  received  beam.  To  satisfy  this  requirement,  it  was  decided  early  in  the  pro¬ 
gram  that  a  minimum  condition  for  the  primary  optics  was  that  there  should  be  no  optical 
elements  in  the  region  common  to  the  transmitted-and-receivcd  beams  with  surfaces  that 
were  normal  to  any  incident  ray  of  the  laser  beam.  This  requirement  dictated  off-axis 
operation  of  optics,  but  still  left  open  the  choice  between  reflective  and  refractive  optics, 
provided  the  latter  were  properly  designed.  For  example,  multi-element  lenses  could 
not  have  any  internal  surfaces  that  would  be  normal  to  a  ray  of  the  laser  illumination. 

An  additional  factor  was  cost,  especially  since  off-axis  operation,  if  standard  circular 
optics  were  used,  would  require  the  overall  diameter  to  be  somewhat  in  excess  of  twice 
the  diameter  of  the  largest  aperture  desired.  As  a  maximum  aperture  diameter  of  10  cm 
was  desired,  the  overall  diameter  could  not  be  less  than  about  10  in.  and  preferably  would 
be  nearer  16  ir..  On  the  basis  of  available  catalog  information  on  standard  astronomical 
quality  lenses  and  paraboloidal  mirrors,  it  was  decided  that  reflective  optics  would  be  the 
most  economical  choice.  This  choice  was  reinforced  when  it  was  learned  that  ITT/ 
Gilfillan  Corp. ,  who  were  participating  on  another  portion  of  this  contract,  could  make 
available  on  loan  two  8-in.-diam.  paraboloids  for  use  until  the  desired  mirrors  could  be 
procured.  Because  of  late  delivery  of  the  special  off-axis  mirrors  ordered  for  this  ex¬ 
periment,  however,  the  8-in.  mirrors  were  used  throughout  the  experiment.  Therefore, 
some  aperture  blockage  occurred  for  beam  diameters  larger  than  approximately  5  cm, 
although  usable  beams  as  large  as  10  cm  could  be  obtained. 
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(2)  Beamsplitter  Arrangement.  Initially,  it  was  planned  that  the  transmit/receive  beam¬ 
splitter  would  be  at  the  position  occupied  by  mirror  A,  in  Figure  5,  and  that  a  separate 
focusing  lens  and  associated  receiving  pinhole  would  be  used,  as  shown  by  the  dotted 
lines  at  the  upper-left  portion  of  Figure  5.  This  arrangement  had  the  advantage  that 
there  would  not  be  a  lens  element  common  to  the  transmitting  and  receiving  paths  that 
could  reflect  laser  energy  back  into  the  receiver.  However,  because  the  beamsplitter 
would  then  be  at  a  position  where  the  received  beam  would  be  converging,  aberration  would 
occur  if  a  beamsplitter  of  appreciable  thickness  were  used.  For  example,  a  standard 
beamsplitter  substrate  of  8-mm  thickness  would  produce  astigmatism  which,  expressed 

in  terms  of  spread  in  axial  focus  position,  exceeds,  by  a  factor  of  32,  the  limit  set  by 
the  Rayleigh  criterion  of  A/4  phase  error  over  the  beam  cross  section.  (See  Reference  5.) 

To  avoid  astigmatism  and  other  forms  of  aberration  of  possible  importance,  such  as 
coma  and  spherical  aberration,  it  was  decided  initially  to  use  a  pellicle  beamsplitter. 

This  type  consists  of  an  extremely  thin  plastic  membrane  stretched  over  a  supporting 
ring  and  coated  with  dielectric  or  metallic  films  to  obtain  the  desired  reflectance. 

Pellicle  beamsplitters  were  procured  and  tested  but  were  found  to  be  unsatisfactory  for 
two  reasons.  First,  the  specified  (and  required)  flatness  was  not  achieved;  second,  the 
reflectance  of  the  multilayer  coating  used  was  excessively  sensitive  to  incidence  angle  of 
the  laser  beam,  and  varied  significantly  over  the  diverging  cone  of  the  primary  mirror 
illumination.  Further  discussions  with  pellicle  suppliers  gave  little  assurance  that  a 
satisfactory  component  could  be  produced. 

Because  of  the  serious  deficiencies  of  the  pellicle  beamsplitter,  two  alternate  arrange¬ 
ments  were  considered.  First,  a  considerable  effort  was  made  to  find  ways  of  com¬ 
pensating  for  the  abovementioned  aberrations  that  would  be  caused  by  an  optical  sub¬ 
strate  or  plate  if  either  was  used  as  a  base  for  a  beamsplitter  film.  Second,  the 
arrangement  diagrammed  in  Figure  5  was  tried  experimentally,  even  though  it  involved 
use  of  a  lens  in  the  region  common  to  the  transmitting  and  receiving  beams. 

It  was  determined  that  workable  solutions  were  possible  with  either  approach.  The  first 
involved  inserting  an  antireflection -coated  compensator  plate  in  the  receiving  leg  and 
orienting  it  to  produce  an  astigmatism  that  would  cancel  the  astigmatism  caused  by  the 
beamsplitter.  This  left  a  residual  coma  distortion  that  was  observable  at  the  largest 
aperture  but  probably  tolerable.  With  the  second  approach,  it  was  found  that  laser-beam 
reflection  from  the  lens  back  into  the  receiver  could  be  reduced  to  an  acceptably  low  level 
by  offsetting  the  lens  laterally  to  avoid  normal  incidence.  Moreover,  this  offset  could  be 
used  to  produce  the  beam  deflection  needed  for  off-axis  illumination  of  the  primary  mir¬ 
ror.  The  latter  approach  was  adopted  because  it  allowed  the  beamsplitter  to  be  placed  in 
the  collimated  beam  region.  This  arrangement  permitted,  in  turn,  the  addition  of  the  cube- 
corner  reflector  as  an  aid  to  initial  internal  alignment  of  the  receiving  and  transmitting 
optics,  as  already  discussed. 

(3)  Transmitter  Beam  Size  Adjustment  Metl  od.  The  overall  diameter  of  the  transmitting 
beam  is  determined  by  the  setting  of  the  adjustable  iris  immediately  in  front  of  the  pri¬ 
mary  mirror.  (See  Figures  5  and  6. )  However,  the  uniformity  of  the  beam  across  this 
aperture  is  determined  by  the  nominal  divergence  angle  of  the  expanding  gaussian  beam 
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produced  by  the  focusing  lens  and  the  preceding  laser  beam  magnifier,  both  acting  on 
the  laser  beam.  (Placement  of  a  pinhole  at  the  focal  plane  of  the  focusing  lens  would 
further  modify  the  divergence  angle.  In  this  experiment,  however,  (as  previously 
noted)  a  transmitting  pinhole  was  not  needed,  and  the  receiving  pinhole  was  located  at 
the  photodetector.) 

In  order  that  the  beam  intensity  distribution  would  stay  essentially  constant  as  the  beam 
diameter  changed,  it  was  thought  advisable  to  maintain  the  intensity  nearly  constant  over 
the  aperture  (rather,  for  example,  than  attempting  to  maintain  a  constant  percentage  of 
truncation  of  the  Gaussian  laser  beam)  even  though  a  considerable  fraction  of  the  avail¬ 
able  laser  power  would  have  to  be  wasted.  As  a  compromise  between  uniformity  and 
utilization  of  available  power,  it  was  decided  that  a  power  variation  up  to  1  dB  could  be 
tolerated.  Focal  lengths  of  focusing  objectives  that  met  this  requirement  were  then 
determined  experimentally.  It  was  found  convenient  to  use  a  1. 5x  laser  beam  magni¬ 
fier.  With  that  choice,  the  focusing  objective  lenses  used  for  the  various  primary 
aperture  diameters  are  shown  in  Table  1  as  follows: 

Table  1.  Focusing  Objective  Lenses  Used  for  Various  Primary  Aperture  Diameters 


Aperture 

Diameter 

(cm) 

Focusing  (Objective)  Lens 

Focal  Length 
(mm) 

Rated  Magnification 

1.25 

46.0 

4x 

2.50 

18.6 

10  x 

5.0 

18.6 

lOx 

7.5 

9.3 

20x 

As  the  focusing  lenses  actually  are  microscope  objectives  and  are  specified  in  terms  of 
their  magnifying  power,  the  latter  value  is  given  in  each  case.  These  values  are  of  im¬ 
portance  in  the  discussion  under  n,4,b,  (4). 

(4)  Receiver  Magnification  Choice.  The  basic  requirement  of  the  receiving  optics  is  that 
the  focal  spot  formed  at  the  prime  focus  of  the  primary  mirror  be  relayed  to  the  photo¬ 
detector  pinhole  plane  with  sufficient  magnification  so  that  the  diameter  of  the  focal  spot 
exceeds  the  pinhole  diameter  by  a  ratio  of  approximately  2.  5  to  1.  (This  is' the  ratio  of 
sizes  needed  to  satisfy  the  condition  a  <0.4,  relating  to  equivalence  of  photon-counting 
and  heterodyne  receivers,  as  developed  in  Section  II,  2,  b. ).  As  an  example,  consider 
the  case  of  a  5-cm  primary  aperture  for  which  the  diffraction-limited  focal-spot  diameter 
at  the  prime  focus  of  a  60-in.  focal  length  primary  mirror  is 


60  X  2.  54 
(5  cm) 


(0.  6328  pm)  —  20  pm 
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Letting  dj  be  the  photodetector  pinhole  diameter,  it  is  then  required  that  the  receiver 
magnification  factor  Mr  be  such  that 


or,  solving  for  M^,  requires 


dp 


MR  *  £  •  / 
P 


(18) 


(19) 


As  t .e  pinhole  diameter  is  10  mils  (=250  pm),  Eq.  (12)  requires  that  Mr  33  be 
chosen.  The  total  receiver  magnification  is  the  product  of  the  focusing  objective 
power  and  the  power  of  the  interchangeable  beam  magnifier.  The  objective  power 
has  already  been  determined  by  transmitter  considerations  to  be  10  for  a  5-cm 
aperture  (from  Table  1),  and  the  receiver  magnifier  power  therefore  must  be  =:3.3. 

As  the  nearest  available  magnifier  power  is  3x  this  value  is  chosen  and  the  possibility 
of  a  slight  penalty  in  accuracy  is  accepted.  (Magnifiers  of  higher  power  were  available, 
but  their  use  excessively  reduces  the  received  signal  power  transmitted  by  the  pinhole. ) 

When  this  calculation  is  repeated  for  the  other  beam  diameters  and  their  associated 
objective  (focusing)  lenses,  as  shown  in  Table  1,  the  3x  receiver  magnifier  is  still  the 
appropriate  choice;  that  is,  the  receiver  magnifier  need  not  be  changed  when  aperture 
diameter  is  changed,  but  only  the  focusing  lens  power  (or  focal  length).  This  is  a 
fortunate  circumstance  because  it  is  then  unnecessary  to  realign  the  receiver  optics  to 
the  transmitter  when  changing  beam  diameter,  as  would  be  the  case  if  it  were  necessary 
to  change  receiver  magnifiers.  This  considerably  simplifies  the  experimental  procedure. 

c.  Signal  Conditioning  and  Monitoring  Electronics 

(1)  Signal  Conditioning.  The  following  kinds  of  signal  conditioning  are  provided: 

•  Low-noise  amplification 

•  Anti-aliasing  filtering 

•  Signal  differencing 

Figure  7  represents  these  functions  and  shows  that  the  first  two  are  performed  for  each 
of  the  two  signal  channels,  A  and  B,  before  the  signals  are  fed  to  the  Fourier  Analyzer. 
Unless  otherwise  noted,  the  following  discussion  applies  to  each  of  these  channels. 

The  signals  originate  in  the  photodetectors  located  behind  the  receiving  pinholes  (Figure  5) 
and  are  amplified  first  within  the  photodetector  itself.  The  photodctector  units  (Texas 
Instruments,  Type  TLXL  79)  consist  of  an  avalanche  photodiode  packaged  integrally  with 
a  special  solid-state  amplifier.  The  package  has  a  rated  frequency  response  of  d-c  to 
50  MHz  and  has  built-in  temperature  compensation.  The  photodiode  sensitive  area  is  a 
circle  of  approximately  30  mil  (0.  76  mm)  diameter. 
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The  amplified  photocurrent  is  next  fed  to  an  integrated-circuit,  low-noise  preamplifier, 
shown  at  the  left  in  Figure  7.  This  stage  has  a  voltage  gain  of  lOx.  The  signal  then  goes 
to  a  line  driver  with  adjustable  gain  (3x  max.)  and  also  is  fed  to  summing  and  differencing 
amplifiers.  The  output  of  the  latter,  after  additional  30x  amplification  (including  3x  ampli¬ 
fication  in  the  line  driver)  feeds  the  Difference  Signal  Monitor  oscilloscope.  (The  role  of 
the  latter  in  the  experiment  procedure  is  described  in  Section  II,  4,  e  following.  The 
amplitude-versus-frequency  characteristics  of  each  signal- conditioning  channel  is  flat 
from  d-c  to  above  10  kHz. 

Figure  8  shows  the  A-channel  and  B- channel  electronics  units.  The  summing  and  dif¬ 
ferencing  amplifiers  are  contained  in  the  A-channel  unit,  as  are  the  four  adjustable-gain 
line  drivers.  Separate  adjustments  for  controlling  photodetector  gain  are  provided  at  the 
upper  left  of  the  panel  on  each  unit  as  are  the  vernier  adjustments  to  set  "zero  level", 
i.  e. ,  the  d-c  output  with  zero  light  input  to  the  photodetector..  The  zero-center  meters 
at  the  upper-middle  position  on  the  panels  are  used  for  zero  setting  and  have  a  sensitivity 
(0. 1  V  full  scale)  compatible  with  the  resolution  of  the  10-turn,  level-setting  helical 
potentiometers  (lower  middle).  A  toggle  switch  (below  the  meter)  allows  a  lOx  reduction 
in  sensitivity  so  that  the  meters  can  be  used  to  monitor  high-level.  The  patch  cord  per¬ 
mits  the  meter  to  be  connected  to  any  of  the  output  terminals  of  the  unit. 

Each  of  the  line  drivers  is  capable  of  a  maximum  output  i;)  excess  of  ±10  V  (saturation 
occurs  at  ±15  V)  but  is  normally  operated  in  the  ±i-V  range.  With  zero  light  input  to 
the  photodetectors,  extraneous  signals  ?.t  the  A  and  B  outputs  consisted  predominantly 
of  a  120-Hz  saw-tooth  component  (power  supply  ripple)  of  less  than  3  mV  peak-to-peak. 
With  laser  light  into  the  photodetector  of  intensity  sufficient  to  produce  a  0. 1  Vdc  output, 
the  ripple  level  remains  unchanged;  however,  photocurrent  noise  is  added  in  an  amount 
not  exceeding  0.  5  mV  rms  in  a  1-kHz  band.  When  referenced  to  a  0. 1  Vdc  level,  the 
power  supply  component  thus  is  at  least  103  to  1  (-30  dB)  down  in  power,  and  the  noise 
component  is  over  4xl04  to  1  (-46  dB)  down.  As  0. 1  Vdc  is  representative  of  the  mean 
signal  level  used  in  most  of  the  correlation  measurements,  it  is  seen  that  extraneous 
signal  power  is  less  than  0. 1  percent  of  the  d-c  power  of  the  laser  signal. 

(2)  The  A-Sigral  and  B-Signal  Monitor.  This  unit  (mounted  on  top  of  oscilloscope  in 
Figure  4)  consists  of  two  independent  channels  of  unity-gain  amplification  followed  by 
zero-center  d-c  meters.  Within  their  response  speed  limitations, these  meters  indicate 
the  instantaneous  optical  signal  in  their  respective  channels.  The  use  of  this  monitor 
in  the  adjustment  procedure  is  described  in  Section  II,  4,  e. 

(3)  Anti-Aliasing  Filter^.  These  filters  are  located  in  the  upper  portion  of  the  signal 
analyzer  rack.  (See  Figure  4.)  Their  function  is  to  suppress  noise  and.  if  present, 
signal  components  at  frequencies  above  the  maximum  frequency  that  is  compatible  with 
the  sampling  rate  selected  in  the  Fourier  Analyzer.  Switches  on  the  panels  allow  selec¬ 
tion  of  filter  cutoff  frequencies  in  the  10-Hz  to  10-kHz  range  in  a  1  to  3  to  10  sequence. 
For  the  1-kHz  setting  used  in  most  of  the  tests  in  this  experiment  series,  the  amplitude- 
versus-frequency  response  was  as  shown  in  Figure  9.  The  amplitude  response  is  seen 
to  start  "rolling  off"  at  about  500  Hz  and  is  6  dB  0  to  1)  down  at  1  kHz.  Above  1  kHz, 
the  response  drops  approximately  24  dB/octave  for  over  two  octaves.  For  other  band¬ 
width  settings,  the  response  curve  is  similar,  except  that  it  is  shifted  to  higher  or 
lower  frequencies  by  the  multiples  mentioned  above. 
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Channel  and  B-Channel  Electronics  Units 


Ideally,  the  bandwidth  of  the  anti-aliasing  filter  would  be  chosen  so  that  its  response 
would  be  nil  at  a  frequency  equal  to  one-half  the  Fourier  Analyzer  sampling  frequencj  • 
However,  it  was  not  always  possible  to  select  such  a  setting  without,  at  the  same  time, 
modifying  the  signal  spectrum.  In  those  cases,  a  filter  cutoff  frequency  was  chosen  thar 
did  not  appreciably  alter  the  signal  spectrum  (although  still  attenuating  higher  frequency 
noise),  and  the  analyzer  sampling  rate  chosen  was  high  enough  to  accommodate  the  actual 
signal  bandwidth. 

d.  Fourier  Analyzer  Operation 

In  Section  II,  3,  b,  the  statistical  quantities  that  must  be  derived  from  the  signal  data  for 
each  experiment  have  alieady  been  defined.  Also,  the  theoretical  basis  for  the  process 
by  which  these  quantities  are  calculated  in  the  Fourier  Analyzer  has  Deen  outlined.  In 
this  section,  the  action  of  the  analyzer  will  be  illustrated  by  means  of  samples  of  corre¬ 
lation  functions  and  spectra  produced  by  it  during  experiment  runs. 

(1)  Input  Data  Sampling.  The  first  step  in  the  signal  analysis  process  is  sampling  and 
analog-to-digital  (A/D)  conversion  of  each  of  the  two  input  signals.  To  assure  validity 
of  the  data  sample,  a  sampling  rate  that  is  at  least  twice  the  highest  frequency  compo¬ 
nent  present  in  the  signal  is  used.  The  sampling  is  continued  until  blocks  of  memory 
assigned  to  the  two  signal  channels  are  filled.  Typically,  in  these  experiments,  the 
block  size  used  was  256  data  points  for  each  channel,  and  the  points  were  spaced  over 
a  total  time  interval  of  200  msec;  the  corresponding  sampling  rate  was  1,280  samples/ 
sec.  The  nature  of  the  signal  fluctuations  to  be  analyzed  is  indicated  by  the  oscillograms 
in  Figure  10.  The  two  traces  represent  simultaneously  recorded  1-sec  samples  of  A- 
ehannel  and  B-channel  signals  received  over  a  450-ft  outdoor  path  using  1. 25-cm-diam. 
transmitting  and  receiving  apertures.  In  spite  of  the  severe  fading,  it  is  evident  that  the 
two  signals  are  highly  correlated. 

(2)  Complex  Fourier  Spectrum.  When  a  random  signal  such  as  that  of  Figure  10  is 
Fourier-transformed,  the  resulting  complex  Fourier  spectrum  is  also  highly  random. 
This  is  illustrated  in  Figure  11,  which  shows  the  real  part  of  Fourier  spectrum. 
Frequency  is  represented  by  the  horizontal  scale  and  amplitude  -  the  vertical  scale. 

The  prominence  of  the  zero-frequency  or  d-c  component  (the  lar  ^e  upward  spike  at  the 
left)  should  be  noted.  (In  fact,  the  full  amplitude  of  the  zero-frequency  component  is 
double  that  indicated  in  Figure  1.1,  the  upper  half  being  "off-screen. ")  The  imaginary 
part  of  the  complex  Fourier  spectrum  (not  shown)  is  equally  random  but  it  does  not 
have  a  d-c  component.  When  successive  data  blocks  are  transformed  and  then  averaged 
together  (frequency-by-frequency), only  the  d-c  component  survives:  all  other  frequency 
components  tend  toward  zero  because  each  one  randomly  takes  on  positive  and  negative 
values.  The  d-c  '■'alues  of  the  A  and  B  signals  are  measured  in  this  way,  as  already 
discussed  in  Section  II,  3,  (4). 

(3)  Power  Spectrum  of  Data  Block,  The  power  spectrum  of  the  signal  segment  repre¬ 
sented  by  a  given  data  block  Is  obtained  by  multiplying  the  complex  spectrum  value  at 
each  frequency  by  its  complex  conjugate.  (This  process  is  termed  "conjugate  multi¬ 
plication.  ")  Thus,  if  G  (o>  )  is  the  complex  spectrum  value  at  the  nth  frequency  point, 

3  n 
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Figure  10  Oscillogram  of  Simultaneously  Recorded  A-Channel  and  B-Channel  Signals 
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Figure  11  Real  Part  of  Complex  Fourier  Spectrum  of  a  Portion  of  Waveform 
From  Figure  10 
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the  corresponding  spectral  power  at  this  point  is  Ga(u>n)  Ga*  (wn).  This  function  of 
(wn)  is  called  the  "self  power  spectrum"  (or,  simply,  power  spectrum)  and  has  a 
purely  real  and  positive  value  at  every  frequency^  Because  Ga(u>n)  is  a  random 
variable  from  frequency -to-frequency,  as  just  discussed,  the  power  spectrum  value 
at  each  o>n  is  also  a  random  variable.  Since  only  positive  values  occur  in  the  power 
spectrum,  however,  the  average  of  a  number  of  such  random  spectra  does  not  tend 
to  zero,  as  in  the  case  of  the  Fourier  spectrum.  Rather,  the  average  tends  to  a  definite 
value  for  each  cu  <•  Figure  12  is  a  representative  averaged  power  spectrum.  In  this 
case,  the  vertical  scale  was  converted  to  dB  units  in  order  to  obtain  a  better  display  of 
the  "tail"  of  the  spectrum.  (However,  the  spectrum  averaging  is  performed  on  the  origi¬ 
nal  power  spectra,  i.  e. ,  before  logarithmic  conversion. )  It  is  seen  that  the  spectral 
density  was  down  30  dB  from  its  iow--frequency  value  at  a  frequency  of  about  180  Hz. 

As  this  frequency  is  well  below  one-half  the  analyzer  sampling  frequency  used  (1280  Hz), 
the  latter  v/as  more  than  adequate  for  handling  this  particular  signal. 

(4)  Averaged  Cross-Powfer  Spectrum.  This  spectrum  is  obtained  in  exactly  the  same 
way  as  the  self-power  spectrum  except  that  spectra  of  the  A  and  B  signals  are  conjugate- 
multiplied,  instead  of  multiplying  one  of  the  spectra  by  its  own  conjugate.  When  the  two 
signals  are  highly  correlated ,  the  result  is  a  function  of  almost  exactly  the  same  form  as 
the  self-power  spectrum;  it  is  therefore  not  necessary'  to  illustrate  the  cross-power 
spectrum . 

(5)  Normalized  Cross-Correlation  Function.  As  already  discussed  in  Section  II,  3,  b(2), 
the  inverse  Fourier  transform  of  the  averaged  cross-power  spectrum  is  the  cross¬ 
correlation  function  of  the  two  inputs.  Normalization  and  squaring  of  this  function  yields 
the  function  p2  (r)  that  provides  the  required  measure  of  identity  of  the  two  signal  wave¬ 
forms.  Figure  13  is  a  sample  of  the  function  p2  (t)  as  produced  and  displayed  by  the 
Fourier  Analyzer.  The  abscissa  is  the  time-shift  (delay)  parameter  r  ,  with  t  =  0  at 
the  center  of  the  scale;  full-scale  values  are  ±100  msec.  The  vertical  scale  is  p  2  (r), 
and  the  scale  factor  is  such  that  unity  correlation  corresponds  to  two  divisions. 


^Before  performing  this  multiplication,  the  d-c  term  of  the  complex  spectrum  is  cleared 
from  the  analyzer  memory,  as  already  mentioned  in  Section  II,  3,  b  (4) .  If  this  is  not 
done,  the  large  amplitude  of  the  d-c  component  in  the  product,  relative  to  the  other 
spectral  components  (see  Figure  11),  would  cause  a  serious  loss  of  accuracy  in  subse¬ 
quent  calculations.  This  would  occur  because  the  analyzer  adjusts  scale  factors  ac¬ 
cording  to  the  largest  value  in  a  given  memory  block,  and  the  smaller  values  are 
"pushed  off’  the  lower  end  of  the  available  dynamic  range  of  the  data  registers. 
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The  point  of  particular  interest  in  the  correlation  plot  of  Figure  13  is  that  at  r  =  0, 
corresponding  to  which,  (r)  -  0.96,  or  p(-r)  =  0.98.  (For  maximum  accuracy, 
the  value  of  (r)  given  is  that  of  the  computer  printout. )  The  actual  shape  of  the 
correlation  curve  is  not  of  particular  interest  ir.  connection  with  this  test  of  optical 
reciprocity.  But  knowledge  of  this  function,  together  with  its  counterpart,  the  power 
spectrum,  is  of  considerable  theoretical  interest  in  connection  with  the  problem  of 
understanding  the  underlying  turbulence  mechanisms. 

e.  Optics  Alignment  and  Adjustment 


(1)  Transmitter  Beam  Magnifiers.  With  reference  to  the  schematic  diagram  of  the 
optics  (Figure  5),  folding  mirror  A  is  removed  temporarily,  and  an  autocollimating 
alignment  telescope  is  aligned  to  the  laser  beam  with  no  transmitter  beam  magnifiers 
in  place.  The  telescope  is  then  focur  d  at  infinity  by  means  of  its  autocollimation 
feature;  thereafter,  no  change  is  made  in  its  focus  adjustment.  Next,  the  first  beam 
magnifier  (nearest  to  the  laser)  is  put  in  place  and  its  lenses  are  positioned  relative 
to  one  another  so  that  the  emerging  laser  beam  is  parallel  to  that  entering  and  is  ac¬ 
curately  collimated.  (A  partially  disassembled  magnifier  unit  is  shown  in  Figure  14. ) 
The  first  condition  will  be  indicated  by  lack  of  movement  of  the  focal  spot,  as  seen  in 
the  telescope,  when  the  magnifier  is  rotated  in  the  V-groove.  The  second  is  indicated 
by  the  sharpness  of  the  focal  spot.  Additional  magnifiers  could  be  brought  into  adjust¬ 
ment  by  the  same  procedure,  but  a  more  convenient  method  that  is  applicable,  once  a 
beam  that  is  known  to  be  collimated  is  available,  will  be  described  in  the  next  para¬ 
graph.  (The  method  just  described  is  inconvenient  because  the  magnifier  cannot  be 
reached  for  adjustment  while  viewing  the  telescope. ) 


MOUNTING  SLEEVE  WITH.  ADJUSTMENT 
SETCREWS- MICROSCOPE  OBJECTIVE 
INSERTED  AT  LEFT  END 


SECOND  MICROSCOPE  OBJECTIVE 
TO  BE  INSERTED  AT  RIGHT  END  OF 
MOUNTING  SLEEVE 


Figure  14  Partially  Disassembled  Beam  Magnifier  (In  Use,  the  Two  Microscope 
Objectives  are  Positioned  Nose-to-Nose  With  Coincident  Axes  and 
Focal  Planes.) 


(2)  Receiver  Optics  Focusing.  The  cube  corner  reflector  is  put  in  place  and  the  beam¬ 
splitter  and  receiver  folding  mirror  are  oriented  so  that  an  image  of  the  transmitter 
beam  is  obtained  at  the  camera  ground  glass  viewing  screen.  With  the  receiver  beam 
magnifier  out,  the  receiver  focusing  lens  (located  in  the  front  of  the  focusing  bellows) 
is  positioned  so  as  to  obtain  a  sharp  focal  spot.  The  focusing  bellows  is  then  locked  in 
place  and  thereafter  remains  fixed.  Receiver  beam  magnifiers  can  now  be  put  in  place 
in  the  receiver  V-groove  and  adjusted  as  before  for  sharp  focus  and  to  prevent  any 
movement  of  the  focal  spot  when  the  magnifier  is  rotated.  This  same  method  can  be 
used  to  align  additional  transmitting  beam  magnifiers. 

(3)  Receiver/Transmitter  Initial  Conjugate  Adjustment.  The  object  of  this  adjustment 
is  to  bring  the  photodetector  pinhole  into  coincidence  with  the  sample  of  the  transmitted 
beam  that  is  reflected  into  the  receiving  optics  via  the  cube-corner  reflector.  For  this 
purpose,  the  receiver  beamsplitter  is  oriented  to  direct  the  reflected  portion  of  the  re¬ 
ceived  beam  into  the  pinhole.  Adjustment  is  made  to  maximize  photo-current  as  indi¬ 
cated  by  the  signal  strength  meter  on  the  associated  signal  monitoring  electronics  unit. 

(4)  Transmitter  Focusing.  To  focus  the  transmitter,  the  folding  mirror  A  is  first  put 
back  into  place  and  the  focusing  lens  immediately  preceding  it  (on  the  laser  side)  is  in¬ 
stalled  in  the  focusing  mount.  The  transverse  position  (vertical  and  horizontal)  of  the 
focusing  lens,  and  the  orientation  of  folding  mirror  A  are  next  adjusted  in  combination 
so  that  the  primary  aperture  (the  opening  of  the  adjustable  iris)  is  symmetrically  il¬ 
luminated.  At  the  same  time,  the  laser  beam  reflection  back  into  the  receiver  is  mini¬ 
mized.  The  primary  mirror  is  then  oriented  so  that  the  transmitted  beam  is  nominally 
parallel  to  the  table.  The  alignment  telescope  is  next  aligned  to  the  primary  beam,  and 
again  focused  at  infinity  by  means  of  its  autocollimation  feature.  Finally,  the  focusing 
lens  is  positioned  longitudinally  for  the  sharpest  focal  spot  as  seen  in  the  alignment 
telescope.  Because  the  telescope  was  focused  at  infinity,  the  transmitted  beam  is  now 
collimated. 


With  this  focus  adjustment,  a  plane  wave,  when  received  from  a  direction  opposite  to  the 
transmitted  beam  direction,  will  be  brought  to  a  focus  by  the  primary  optics  and  then  be 
recollimated  by  the  focusing  lens.  Because  of  the  previous  adjustment  of  the  receiving 
optics  established  with  the  help  of  the  cube-corner  reflection,  the  recollimated  received 
beam  will,  in  turn,  be  brought  to  a  focus  at  the  photodetector  pinhole.  This  is  the  re¬ 
quired  condition  of  internal  transmitter/receiver  adjustment  needed  for  the  reciprocity 
test,  subject  to  one  qualification:  the  procedure  for  receiver /transmitter  conjugate 
adjustment  (detailed  in  Section  II,  4,  e,  (3)  is  not  sufficiently  precise  to  assure  high 
correlation  of  the  signals  from  the  two  receivers.  The  method  used  to  further  refine 
this  adjustment  is  described  in  Section  n,  4,  e,  (6). 

(5)  Alignment  of  Beams  and  Folding  Mirror.  The  first  step  in  setting  up  the  complete 
system  for  correlation  measurements  is  to  point  each  of  the  beams  so  that  it  is  centered 
on  the  folding  mirror  (Figure  3).  The  mirror  must  then  be  oriented  so  that  each  beam, 
after  reflection,  propagates  in  a  direction  opposite  to  that  of  the  other  beam.  These 
alignment  steps  are  accomplished  with  the  help  of  a  screen  covered  with  high  reflec¬ 
tivity  material,  such  as  3M-Scotchlite  Type  7610  reflective  sheeting.  First,  this  screen 


is  used  to  "follow"  the  beam  away  from  the  transmitter.  (The  expanded  beam  is  too  dim 
to  be  seen  on  a  white  card  in  broad  daylight,  but  it  is  easily  seen  by  an  observer  looking 
along  the  beam  toward  the  high  reflectivity  screen. )  As  the  card  is  "walked"  along  the 
beam,  the  observer  corrects  the  pointing  of  the  transmitter  until  the  beam  is  centered 
on  the  mirror.  The  second  transmitter  is  aligned  in  the  same  way  so  that  its  beam  is 
also  centered. 

A  similar  procedure  is  used  to  orient  the  folding  mirror.  With  one  of  the  laser  trans¬ 
mitters  (No.  1)  turned  off,  the  other  beam  from  the  other  transmitter  (No.  2)  is  fol¬ 
lowed  away  from  the  folding  mirror  toward  receiver  No.  1,  and  the  mirror  is  adjusted 
so  that  the  beam  is  centered  in  the  No.  1  primary  aperture.  Next,  No.  2  transmitter 
is  turned  off  and  No.  1  is  turned  on.  The  centering  of  the  No.  1  beam  in  the  No.  2 
aperture  is  checked  and,  if  necessary,  a  fine  adjustment  of  pointing  of  the  transmitter/ 
receiver  No.  1  unit  is  made  to  center  its  beam  in  the  aperture  of  the  other  unit. 

Fine  pointing  adjustments  of  one  of  the  units  is  now  made  so  that  the  received  beams  are 
centered  —  first  in  the  focusing  lenses,  and  then  in  the  viewing  optics.  Finally,  the  beams 
are  centered  in  the  receiving  pinholes.  This  latter  adjustment  is  most  easily  made  by 
means  of  the  vernier  angle  orientation  controls  of  one  (or  both)  of  the  folding  mirror  A 
mounts. 


(6)  Fine  Cu  'jugate  Adjustment.  If  the  initial  conjugate  adjustment  described  above  in 
Section  H,  4,  e,  (3)  were  exact,  the  fine  pointing  adjustment  just  made  would  result  in 
the  focal  spots  in  both  receivers  being  identically  positioned  relative  to  their  respective 
photodetectors.  Then,  as  atmospheric  turbulence  progressively  altered  the  shape  and 
position  of  one  spot,  according  to  reciprocity  theory,  the  other  would  be  altered  in 
exactly  the  same  way.  Consequently,  the  two  photodetector  output  signals  will  fluctuate 
identically,  and  their  difference  will  remain  zero  regardless  of  intensity  variations,  pro¬ 
vided,  of  course,  that  the  two  transmitted  laser  beams  have  the  same  strength.  On  the 
other  hand,  if  the  conjugate  adjustment  of  one  unit  has  been  improperly  made,  the  re¬ 
ceived  signals  will  not  track  one  another. 

The  latter  fact  suggests  a  simple  means  for  improving  conjugate  adjustment,  i.e. ,  ob¬ 
serving  the  difference  between  the  two  received  signals  on  an  oscilloscope  (see  Section 
n,  4,  c)  while  making  fine  adjustments  of  the  orientation  of  one  receiver  beamsplitter 
to  change  image  position  relative  to  the  photodetector  pinhole  so  as  to  minimize  the  dif¬ 
ference  signal.  By  successively  adjusting  spot  position  and  the  intensity  of  one  of  the 
laser  beams,  it  is  found  that  a  near  null  of  the  difference  signal  can  be  reached.  Cor¬ 
relation  measurements  are  made  under  this  null  adjustment  condition. 

In  making  this  null  adjustment,  it  was  found  useful  not  only  to  observe  the  difference 
signal,  as  just  described,  but  also  the  meter  indications  of  the  A-  and  B-signal  monitor 
(see  Section  II,  4,  c).  Under  most  test  conditions,  these  meters  fluctuate  widely.  How¬ 
ever,  as  the  desired  conjugate  adjustment  is  approached,  the  fluctuations  of  the  meters 
become  strongly  correlated.  Under  this  condition,  their  deflections,  especially  during 
relatively  "quiet"  periods,  provide  an  indication  of  the  relative  strengths  of  the  two 
received  signals.  Using  this  indication,  one  of  the  variable  optical  attenuators  is  varied 


35 


until  approximate  equality  is  reached.  However,  the  final  fine  adjustment  is  made  by 
observing  the  difference  signal. 

5.  FADE  CORRELATION  MEASUREMENTS 

Three  different  optical  paths  were  used  in  carrying  out  the  correlation  measurement 
program,  as  follows: 

•  Short  path  in  the  laboratory  (10  ft) 

•  Medium  and  long  paths  in  the  laboratory  (500  ft) 

<•  Outdoor  path  (450  ft) 

This  section  describes  the  purpose  and  principal  results  for  each  test  phase.  The  cor¬ 
relation  measurements  are  discussed  and  interpreted  in  Section  II,  6. 

a.  Short  Path  Laboratory  Test 

Initially,  correlation  measurements  were  made  with  the  two  transmitter-receiver  units 
as  close  together  as  possible,  consistent  with  experimental  convenience,  in  order  to 
conduct  verification  tests  of  the  entire  experimental  system  with  minimum  atmospheric 
turbulence  effects.  The  two  units  were  pointed  toward  each  other  but  the  tables  were 
separated  by  approximately  3  ft  to  allow  access  on  all  sides.  The  primary  objective  of 
this  test  was  to  determine  whether  inherent  laser  intensity  fluctuations  or  other  noise 
sources  within  the  equipment  would  signifcantly  influence  the  signal  correlation  obtain¬ 
able.  Under  this  experimental  condition,  it  was  found  that,  even  with  the  largest  beam 
diameters  of  interest  (5  to  10  cm),  very  good  nulling  of  the  difference  signal  could  be 
achieved.  With  care  not  to  cause  table  vibration  while  making  the  fine  conjugate  adjust¬ 
ment  (described  in  Section  II,  4,  e,  (6;)  it  was  found  possible  to  reduce  the  peak  differ¬ 
ence  signal  to  as  small  as  2  to  3  percent  of  the  individual  signals  applied  to  the  differ¬ 
ences.  As  previously  indicated  by  Eq.  (8),  this  implies  a  value  p(0)  —  0.998.  A 
series  of  10  measurements  of  correlation  under  this  condition  produced  a  value 
p  (0)  =  0.  997  ±  0. 005  (1  -  a).  The  latter  result  is  consistent  with  the  former,  and 
implies  a  measurement  error  of  appreciably  less  than  1  percent  in  the  determination  of 
correlation  values.  It  is  evident  that  there  are  no  internal  noise  sources  which  will 
grossly  degrade  measurement  accuracy. 

b.  Medium-  and  Long- Path  Laboratory  Test 

Two  series  of  indoor  tests  were  made  —  one  with  an  approximate  50-ft  path  length  and 
the  other  with  an  approximate  500-  ft  path  length.  Beth  were  primarily  intended  to  pro¬ 
vide  additional  experience  in  alignment  of  the  telescopes  and  in  signal  analyzer  oper- 
tion.  In  the  course  of  these  tests,  several  factors  came  to  light  that  were  considered 
of  sufficient  importance  for  later  outdoor  measurement  to  require  further  investigation. 

In  the  tests  using  the  50-ft  path,  it  was  observed  that  the  plot  of  p  (t)  displayed  by  the 
analyzer  had  a  series  of  secondary  peaks  at  approximately  equal  spacing  from  the  central 
(main)  peak.  Figure  15  is  typical  of  the  plots  obtained  tor  a  range  of  aperture  diameters 


36 


TIME  SHIFT  r  (mSEC) 


I'gure  15  Square  of  Normalized  Cross-Correlation  Function  of  Signal  Transmitted 
Over  50 -ft  Indoor  Path,  With  Secondary  Maxima  Indicating  Presence  of 
Periodic  Components  in  the  Signal 

from  2.  5  to  10  cm.  This  periodicity  in  the  cross-correlation  function  indicates  the 
presence  of  a  periodic  component  in  the  photodetector  output  signal.  In  order  to  deter¬ 
mine  the  nature  of  this  extraneous  signal,  it  is  useful  to  determine  both  its  frequency 
and  amplitude  relative  to  the  main  signal.  This  was  easily  done  since  the  power  spec¬ 
trum  of  each  of  the  input  signals  is  generated  by  the  signal  analyzer  program.  It  was 
merely  necessary  to  display  the  power  spectrum  as  stored  in  the  analyzer  at  the  end 
of  a  processing  sequence.  Figure  16  is  such  a  spectrum  frequency  resolution 
(spacing  between  points)  is  10  Hz,  the  horizontal  scale  fac.  or  is  64  Hz/div.  and  the 
vertical  scale  is  5  dB/division.  It  is  seen  that  peaks  occur  at  50  and  110  Hz.  The 
periodic  component  therefore  cannot  be  attributed  primarily  to  60-  or  120-Hz  power 
supply  effects.  (However,  minor  contributions  at  the  latter  frecmeneies  could  not  be 
ruled  out  at  this  point.  In  fact,  some  reduction  in  the  secondary  peaks  was  noted 
when  the  laser  power  supplies  were  removed  from  the  optical  table,  thus  eliminating 
transformer  vibration  -  at  60  Hz  —  as  a  possible  disturbance  source. ) 

Probable  causes  of  the  50-  and  110-Hz  disturbances  were  mechanical  building  vibra¬ 
tions  due  to  rotating  machinery  and/or  pulsations  of  the  air  in  the  path  due  to  the 
building  air-conditioning  system.  Further  effort  to  identify  the  source  of  this  periodic 
disturbance  was  deferred  pending  the  results  of  correlation  measurements  over 
longer  paths. 


FREQUENCY  (Hz) 


Figure  16  Power  Spectrum  of  One  of  Signals  From  Which  Figure  15  Derived  — 
Frequencies  of  Periodic  Components  Indicated  by  Peaks  at  50  and 
110  Hz;  Frequency  Resolution  {Spacing  Between  Points)  =  10  Hz 

The  first  long-path  measurements  were  conducted  in  the  laboratory,  rather  than  out¬ 
doors,  because  of  bad  weather  conditions.  In  this  series,  the  two  transmitter  units 
were  set  up  in  the  main  corridor  of  the  laboratory  building,  near  one  end,  with  the 
path  folding  mirror  at  the  other  end.  The  units  were  separated  laterally  aoout  5  ft, 
and  the  path  length  was  approximately  500  ft.  Tests  were  conducted  after  working 
hours  to  minimize  interruptions  due  to  traffic  in  the  corridors. 

Correlation  measurements  made  over  a  range  of  aperture  sizes  from  0.  75  to  5.  0  cm 
showed,  at  most,  only  a  barely  discernible  periodic  component.  In  view  of  the  fact 
that  the  telescope  units  had  been  moved  only  about  10  ft  from  their  location  in  the  short- 
path  test,  it  was  apparent  that  building  (floor)  mechanical  vibration  was  not  the  cause 
of  the  periodic  signal  component  in  the  photodetector  output.  The  absence  of  any  ap¬ 
preciable  periodic  components  due  to  atmospheric  pulsation  effects  with  the  longer 
path  is  attributable  to  the  lack  of  air-conditioning  outlets  in  the  corridor,  ^’hich  had 
only  return-air  inlets.  Air  pulsations  in  the  corridor  path  were  therefore  undoubtedly 
weaker  than  for  the  shorter  path  which  was  entirely  within  a  laboratory  work  area  and 
close  to  air  outlets.  It  is  considered  that  the  periodic  disturbances  seen  in  the  short- 
path  tests  were  due  to  effects  of  the  air-conditioning  system  whic.i,  of  course,  would 
be  absent  in  outdoor  operation. 

The  effect  of  varying  primary  aperture  size  on  the  character  of  the  received  beam  image 
at  the  camera  focal  plane  (or  at  the  photodetector  pinhole  lane)  is  illustrated  in  Figure 
17.  Three  sequences  of  four  exposures  each  are  shown,  one  for  each  of  th  -  :e  primary 
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Figure  17 


Received  Beam  Images  at  Camera  Focal  Plane  and  Photodetector  Pinhole 
Plane  for  Three  Primary  Aperture  Sizes  —  (a)  d^  =  dp  =  2.5  cm: 

(b)  d .  =  dg  =  3.5  cm;  (c)  d^  =  =  5  cm  (Successive  Exposures 

in  Each  Sequence  (Lett  to  Right)  Madeat  Approximate  10-sec  Intervals) 


aperture  sizes.  The  top  sequence  at  Figure  17  (a)  was  obtained  using  2. 5 -cm  apertures 
(both  transmitter /receiver  units).  It  is  seen  that  the  central  spot  remains  almost  circu¬ 
lar  and  only  the  diffraction  rings  are  distorted,  or  broken  up.  With  a  3.  5-cm  aperture, 
there  is  noticeable  blurring  and  shifting  of  the  central  spot,  and  the  structure  in  the  dif¬ 
fraction  "sidelobes"  is  finer,  but  not  otherwise  much  different  than  at  (a).  With  5-cm 
apertures,  central  spot  is  either  missing  altogether,  or  badly  distorted.  The  succes¬ 
sive  exposures  in  each  sequence  were  taken  at  approximately  10-sec  intervals. 

With  some  study,  it  can  be  seen  from  the  photographs  that  the  centroid  of  the  beam  image 
moves  appreciably, relative  to  a  mean  position.  This  motion  is  much  more  evident  when 
observing  the  image  in  the  camera  ground-glass  viewing  system, because  many  of  the 
displacements  cccur  on  a  time  scale  of  the  order  of  0. 1  to  1  sec,  a  range  to  which  the  eye 
is  quite  sensitive, 

A  second  finding  of  the  long-path  indoor  test  was  that  fine  conjugate  adjustment  (by  dif¬ 
ference  signal  nulling)  became  more  difficult  than  had  been  the  case  with  the  shorter 
paths.  The  reason  was  that  deep  and  persistent  signal  fades  occurred  much  more 
frequently.  Because  a  signal  fade  has  the  same  effect  on  the  difference  signal  as  an 
adjustment  toward  a  better  null,  it  was  found  to  be  difficult  to  avoid  making  erroneous 


adjustments.  It  became  necessary  to  watch  both  the  signal-strength  monitor  and  the 
difference  signal  display,  and  only  attempt  adjustments  during  strong-signal  intervals . 

The  larger  the  aperture,  the  more  severe  the  problem,  because  the  duration  of  deep 
fades  increased.  As  a  consequence,  it  was  found  impractical  to  attempt  measurements 
using  the  available  instrumentation,  at  aperture  sizes  greater  than  5  cm? 

A  possible  limitation  on  the  extent  to  which  the  difference  signal  could  be  nulled  was  the 
effect  of  uncorrelated  atmospheric  turbulence  on  the  optical  paths  that  are  not  common  to 
the  transmitter  and  receiver  elements  of  a  given  unit,  i.e.,  the  path  between  the  laser 
and  the  beamsplitter,  on  the  one  hand,  and  between  the  beamsplitter  and  the  receiving 
photodetector  on  the  other,  in  an  effort  to  eliminate  such  effects,  air  shields  were 
added,  as  shown  in  Figure  18.®  The  addition  of  the  air  shields  proved  to  be  quite  help¬ 
ful  in  increasing  the  correlation  coefficient,  although  a  quantitative  estimate  of  improve¬ 
ment  was  not  made. 

Finally  the  indoor  tests  showed  that  the  method  originally  programmed  into  the  analyzer 
for  determining  the  strength  of  signal  fading  was  not  entirely  satisfactory.  Fading  strength 
as  defined  by  Eqs.  (13)  or  (14)  is  the  ratio  of  signal  a-c  power  to  d-c  power.  Unfor¬ 
tunately,  under  conditions  of  moderate  or  weak  fading,  where  the  d-c  component  becomes 
comparable  to  or  larger  than  the  a-c  component,  it  was  found  that  the  d-c  component  con¬ 
sumed  most  of  the  significant  digits  available  in  the  memory  locations  used  at  the  point 
in  the  program  at  which  the  cross-power  spectrum  was  calculated  from  the  Fourier 
spectrum.  As  a  result,  the  accuracy  of  determination  of  the  cross-correlation  coef¬ 
ficient  was  degraded. 

Before  the  outdoor  tests  were  conducted,  the  program  used  in  the  analyzer  to  determine 
the  signal  d-c  component  was  changed  and  the  problem  of  loss  of  accuracy  due  to  the 
d-c  component  was  satisfactorily  solved.  The  method  finally  adopted  and  used  in  the 
outdoor  measurements  is  described  in  Section  n,  3,  b  (4),  and  amplified  in  Section  n,  4.  d, 
(2),  so  it  will  not  be  detailed  here. 

A  total  of  nine  measurements  of  cross-correlation  coefficient  p(0)  were  made  using  the 
500- ft  indoor  path  with  aperture  diameters  from  0.75  to  5.0  cm.  The  results  were  as 
follows: 

Average  value  of  p(0)  =  0.971 

Standard  deviation  =  0.017 


From  visual  observation  of  the  received  beam,  as  imaged  in  the  viewing  system,  it 
was  noted  that  much  of  the  signal  fading  was  due  to  simple  beam  wander.  It  was  ob¬ 
vious,  therefore,  that  the  depth  of  fading  and  the  frequency  of  deep  fades  would  have 
been  greatly  reduced  by  the  substitution  of  a  fast- steering  transmitter  at  one  end  of 
the  link. 


The  plastic  box  and  the  tubular  shield  along  the  far  side  of  the  unit  actually  are  in  front 
of  the  beamsplitter;  hence  they  were  not  needed  for  correlation  measurement.  'They 
were  added,  originally,  during  preliminary  testing  of  the  optics  to  minimize  beam  dis¬ 
tortion  due  to  room  air  turbulence. ) 
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c.  Outdoor  Measurement 


Figure  19  is  a  view  along  the  test  path  used  in  the  outdoor  measurements.  The  two 
transmitter/receiver  units  were  located  on  the  concrete  walkway  in  the  foreground  and 
were  spaced  approximately  3  m  (10  ft)  apart  along  the  wala.  The  path-folding  mir¬ 
ror  was  mounted  on  a  heavy-duty  tripod  located  just  to  the  r.ght  of  the  tree  in  the  back¬ 
ground  at  center  left.  The  weather  was  fair,  and  the  wind  (when  present)  was  f.  jm  a 
direction  at  about  45  deg  to  the  left  of  the  direction  of  view.  During  the  measurement 
sequence  the  wind  speed  varied  widely  up  to  a  maximum  estimated  speed  of  15  mph. 
(Knowledge  of  wind  speed  during  any  given  measurement  was  not  required  since 
theoretically,  at  least,  propagation  reciprocity  holds  even  in  the  presence  of  turbulent 
fluctuation  of  the  medium. )  The  measurement  sequence  extended  over  a  period  from 
approximately  11:00  a.,m.  to  5:30  p. m. 

During  the  outdoor  measurements,  the  only  difference  noted  between  indoor  (long- path) 
and  outdoor  operation  was  that  the  transmitter  units  tended  to  drift  out  of  alignment 
(with  a  consequent  loss  of  signal  strength)  more  rapidly  during  outdoor  than  indoor 
operation.  This  effect  was  especially  noticeable  (and  troublesome)  toward  the  end  of 
the  tests  when  the  air  temperature  was  dropping  ripidly.  It  was  concluded,  therefore, 
that  alignment  drift  was  due  to  temperature  changes  in  the  telescope  components  or 
the  supporting  structure.  However,  this  drift  of  beam  alignment  did  not  affect  the 
validity  of  this  experiment  as  a  test  of  optical  reciprocity.  In  fact,  if  drift  had  not 
occurred,  it  would  have  been  desirable  to  misalign  the  two  beams  purposely  as  a 
further  test  of  reciprocity  theory  since  the  theory  predicts  that  the  two  received  signals 
would  remain  correlated  regardless  of  misalignment.  This  prediction  follows  from  the 
fact  that  a  mechanical  misalignment  '*i  one  of  the  transmitter  / receiver  units  is  equiva¬ 
lent  in  its  effect  on  both  transmitted  and  received  waves  to  that  of  placing  an  optical 
wedge  in  the  path.  The  latter,  in  turn,  can  be  regarded  simply  as  a  special  form  of 
perturbation  in  the  propagation  path  and,  therefore,  one  to  which  reciprocity  theory 
applies. 

A  total  of  eight  measurement  runs  that  yielded  valid  data  were  made  using  a,  ture 
sizes  of  1.25,  2.5,  and  5  cm  respectively.  At  the  lower  end  of  the  range,  the  received 
beam  image  was  a  well  defined  spot  with  distinct,  relatively  stable  diffraction  rings. 
Nevertheless,  spot  wander  of  an  amount  comparable  to  the  spot  size  was  not  uncommon. 

At  the  intermediate  aperture  size  (2. 5  cm),  the  central  diffraction  spot  was  still  moderately 
well  defined,  but  diffraction  rings  were  almost  never  present.  Instead,  a  pattern  of  con¬ 
stantly  evolving  spots  and  streaks  was  seen.  In  addition,  the  central  spot  would  occasion¬ 
ally  split  into  two  or  more  segments  and  frequently  show  displacements  of  several  spot 
diameters.  At  the  5-cm  aperture  there  was  virtually  no  semblance  of  a  central  spot,  but 
only  a  constantly  evolving  set  of  spots  and/or  streaks. 

The  results  cf  the  outdoor  measurement  series  using  the  450-ft  path  are  summarized  in 
Table  2. 
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Fisrure  19  View  Along  Test  Path  Used  in  Outdoor  Fade  Correlation  Measurements 
Transmitter/Receiver  Units  Located  on  Concrete 
Foreground  and  Path-Folding  Mirror  Placed  Just  .0  Right  of  Si»W~ 
in  Background  at  Center  Left;  Round-Trip  Path  Length  Approximately 

140  m  (450  ft) 
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Table  2.  Summary  Of  Fade  Correlation  Measurements,  Using 450-ft  Outdoor  Path 


Measure¬ 

ment 

No . 

dA  =  dE  * 
Primary 
Aperture 
Diameter 
(cm) 

7  = 

Normalized 

Intensity 

Variance 

C*  = 

Equivalent 

Log- 

Amplitude 

Variance 

P(0) 

Normalized 

Cross- 

Correlation 

Coefficient 

1 

1.25 

0.068 

0.0165 

0.  990 

2 

1.25 

0.073 

0.0176 

0.  983 

3 

2.50 

0.372 

0. 0792 

0.978 

4 

2.50 

0.190 

0,  0435 

0.957 

5 

2.50 

0.472 

0.0966 

0.  980 

6 

2.50 

0. 110 

0.026 

0.  980 

7 

5.0 

1.09 

0.184 

0.956 

8 

5.0 

1.82 

0.260 

0.938 

9 

5.0 

3.60 

0.382 

0.917 

Average 

0.  964 

Standard  Deviation 

0.023 

It  is  seen  from  Table  2  that  the  range  of  aperture  sizes  was  such  as  to  produce  a  range 
of  signal  fading  strengths  of  more  than  50  to  1.  At  the  lower  end  of  the  range,  the  value 
of  equivalent  log-amplitude  variance,  C ft  =  0.  0165,  implies  a  communication  link 
fading  loss7  of  somewhat  less  than  3  dB.  At  the  upper  end  of  the  range,  on  the  other 
hand,  the  value  C £  =  0.26  implies  a  fading  loss  of  approximately  16  dB. 


7The  concept  of  fading  loss  and  the  relationship  between  log  amplitude  variance  and  fad¬ 
ing  loss  is  given  in  Reference  1, Section  1.4,  Atmospheric  Turbulence  Effects.  Briefly, 
fading  loss  expressed  in  dB  is  defined  as  the  required  dB  increase  in  average  received 
signal  strength  needed  to  maintain  a  specified  bit  error  rate,  as  compared  to  the  signal 
strength  required  by  an  identical  link  without  fading.  Fading  loss  does  not  account  for 
the  reduction  in  average  received  signal  strength  due  to  transmitter  beam  spread  caused 
by  turbulence. 
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The  most  significant  feature  of  these  results  is  that  the  measured  cross-correlation 
remains  high  for  all  signal  fading  conditions,  in  accordance  with  the  predictions  of 
reciprocity  theory.  The  slight  drop  at  the  largest  aperture  size  is  not  surprising  in 
view  of  the  increasing  difficulty  that  is  experienced  under  these  conditions  in  making 
the  nulling  adjustment,  as  noted  in  the  discussion  of  the  indoor  long-path  tests.  (See 
Section  n,  5,  b.) 

The  Fourier  Analyzer  outputs  from  which  the  results  given  in  the  above  table  are  de¬ 
rived  are  presented  in  Appendix  IX.  Printouts  are  given  for  all  of  the  measurement 
runs,  showing  on  each  printout  page  the  square  of  the  normalized  cross-correlation 
function,  the  autocorrelation  function,  the  d-c  value,  and  the  signal  power  spectrum. 

6.  SIGNIFICANCE  OF  RECIPROCITY  VERIFICATIONS 

The  experimental  verification  of  optical  reciprocity  theory  is  of  immediate  importance 
to  the  Air  Force  405B  program  in  three  major  ways.  First,  it  establishes  the  validity 
of  the  theoretical  concepts  that  underlie  the  Fast-Steering  technique  for  improvement  of 
atmospheric  links.  This  conclusion  is  given  further  direct  support  in  Section  3  by  the 
results  of  experiments  designed  to  test  this  technique.  Second,  the  soundness  of  the 
Atmospheric  Transmission  Measurement  Technique  based  on  star  image  sensing  and 
tracking  is  provided  strong  support.  Finally,  the  positive  results  of  this  experimental 
test  of  reciprocity  theory  justifies  increased  confidence  in  the  theoretical  design  and  per¬ 
formance  predictions  of  the  up-link  portion  of  the  Space  Data  Relay  System  as  carried 
out  under  Contract  F04701-71-C-0329.  The  reason  this  increased  confidence  is  justified 
is  that  the  predictions  and  design  were  based  on  data  derived  from  measurements  of 
star  image  fluctuation,  and  on  theoretical  analyses  of  atmospheric  turbulence  effects  on 
heterodyne  receiver  performance.  Reciprocity  theory  was  used  to  apply  these  results 
directly  to  the  problem  of  transmitter  design  optimization  and  performance  prediction. 


SECTION  m 


BEACON  FAST-TRACKING,  TRANSMITTER  FAST-STEERING  EXPERIMENT 


1.  GENERAL  CONSIDERATIONS 


As  already  indicated  in  Section  I,  a  major  problem  in  the  design  of  a  ground-to-space 
(or  aircraft-to-space)  laser  communication  link  is  that  the  quality  of  a  beam  trans¬ 
mitted  upward  from  the  ground  is  degraded  by  the  fluctuating  optical  inhomogeneity  of 
the  atmosphere.®  In  this  section,  an  experiment  designed  to  test  the  effectiveness  of 
a  technique  for  alleviating  this  problem,  called  beacon  fast  tracking,  will  be  described. 
This  technique  was  devised  by  LMSC  in  the  course  of  work  performed  on  the  Air  Force 
Program  entitled  Optical  Space  Data  Relay  Subsystem  Preliminary  Design  (SDRS) .  (See 
Reference  1.) 

The  experiment  was  performed  by  using  existing  optical  beam  tracking  and  pointing 
equipment  that  had  been  developed  in  a  joint  effort  by  LMSC  and  ITT-Gilfillan  for  use 
in  a  related  program  to  evaluate  optical  beam  tracking  and  pointing  techniques.  As 
shown  in  Figure  20,  this  equipment  incorporates  two  laser  sources,  one  representing, 
in  the  present  application,  a  satellite-borne  beacon  transmitter  and  the  other,  a  ground- 
based  communication  transmitter.  Signals  from  the  latter  are  detected  by  a  photo¬ 
receptor  arranged  to  simulate  a  communication  receiver  that  shares  the  optics  of  the 
beacon  transmitter.  Artificial  turbulence  is  introduced  into  a  region  common  to  the 
beacon  and  data-link  beams.  The  fluctuations  of  wavefront  orientation  of  the  beacon 
beam,  after  it  has  passed  through  the  turbulent  region,  are  sensed  by  an  image- 
dissector  tracker.  This  information  is  then  used  to  control  fast-steering  mirrors  that 
point  the  communication  laser  beam  so  as  to  counteract  deflection  to  which  the  beam 
will  be  subjected  in  traveling  through  the  turbulent  region. 

Quantitative  measurements  of  the  strength  of  signal  fading  caused  by  the  artificial  tur¬ 
bulence  were  made  under  several  conditions  of  adjustment  of  the  optics  and  under  dif¬ 
ferent  turbulence  conditions.  Under  such  conditions,  producing  effects  representative  of 
those  to  be  expected  in  an  actual  ground-to-space  link,  the  reduction  of  fading  strength,  as 
measured  by  the  variance  of  the  received  signal,  was  found  to  be  of  the  order  of  20  dB. 

After  presenting  the  theoretical  basis  of  the  fast-steering  concept,  the  experimental 
equipment  arrangement  and  the  sequence  of  experiments  carried  out  will  be  detailed. 
Finally,  the  question  of  the  required  precision  of  boresight  alignment  of  the  trans¬ 
mitting  laser  with  respect  to  the  receiving  axis  direction  will  be  considered. 


8 This  fluctuation  phenomena,  although  closely  related  to  atmospheric  turbulence  per  se, 
also  involves  other  effects  such  as  local  heating  and  convection.  However,  for  con¬ 
venience,  itwillbe  referred  to  simply  as  "atmospheric  turbulence.  " 
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2.  THEORETICAL  BACKGROUND 


6  ! 


The  basic  concept  underlying  the  fast-tracking,  fast-steering  approach  to  improving 
the  performance  of  atmospheric  links  is  that  of  optical  antenna  gain  reciprocity.  This 
concept  has  already  been  developed  at  considerable  length  in  Section  H,  2.  However, 
the  present  application  involves  some  extension  of  that  concept  and,  for  this  reason,  it 
is  useful  first  to  consider  the  action  of  the  tracking-pointing  system  for  a  highly  simpli¬ 
fied  model  of  atmospheric  inhomogeneity. 

According  to  this  simplified  model,  the  atmosphere,  through  the  mechanism  of  turbu¬ 
lence,  has  the  effect  of  randomly  introducing  and  removing  weak  optical  wedges  and 
lenses  of  various  orientations  and  strengths  into  a  propagation  path.  This  action 
causes  the  beam  to  bend  and  to  start  spreading  or  converging  at  various  points.  If 
the  effect  of  the  introduction  of  a  single  wedge  near  an  antenna  aperture  is  considered, 
the  required  insight  can  be  obtained. 

For  a  laser  transmitter,  introducing  a  weak  wedge  into  the  beam  just  after  the  aperture 
will  bend  the  transmitted  beam  so  that  it  will  not  continue  in  exactly  the  same  direction 
that  it  started.  Similarly,  a  beam  approaching  the  aperture  will  appear  to  be  coming 
from  somewhere  other  than  its  actual  direction  of  origin.  If  the  aperture  has  associ¬ 
ated  with  it  a  focal  plane  detector  that  looks  in  the  same  direction  as  the  laser  trans¬ 
mitter,  and  if  the  beacon  comes  from  the  direction  the  laser  is  pointed,  then  the  laser 
transmitter  will  not  reach  its  target,  nor  will  the  subcoherent  receiver  detect  the  bea¬ 
con.9  If  the  system  is  slewed  until  the  receiver  is  detecting  the  beacon  with  maximum 
signal  output,  the  amount  of  slewing  will  exactly  correspond  to  the  bending  of  the  bea¬ 
con  beam  induced  by  the  wedge,  but  will  be  oppositely  oriented  to  it.  The  transmitted 
laser  beam  will  be  bent  just  as  much  as  the  beacon  beam  by  the  atmospheric  wedge,  and, 
therefore,  this  amount  of  slewing  is  exactly  that  required  to  make  the  laser  point  at  its 
target.  That  is,  the  right  amount  of  correction  is  supplied  to  take  care  of  the  atmos¬ 
pheric  effect,  for  both  the  beacon  receiver  and  the  laser  transmitter. 


Obviously,  atmospheric  inhomogeneity  effects  cannot  be  fully  described  simply  in  terms 
of  wedges  because  such  a  model  ignores  the  "lens  components"  of  inhomogeneity.  Never¬ 
theless,  the  random-wedge  concept  is  a  useful  one  because  it  has  been  shown  that,  to  a 
significant  extent,  atmospheric  turbulence -induced  wave-front  distortion  can  be  con¬ 
sidered  as  simply  a  matter  of  random  tilting  of  the  wavefront.  (See  Reference  6. )  This 
means  that  a  large  part  of  the  effect  of  wavefront  distortion  can  be  cancelled  by  align¬ 
ment  of  the  antenna  to  follow  the  random  tilt,  i.  e. ,  by  fast  tracking.  In  fact,  analysis 
of  the  performance  of  such  a  fast  tracking  system,  as  applied  to  an  optical  heterodyne 
receiver,  shows  that  its  performance  can  be  about  10  dB  better  than  that  which  the 
atmosphere  will  allow  a  static  optical  heterodyne  receiver  system  to  achieve.  (See 
Reference  1,  Appendixes  L  and  M. ) 


9In  the  absence  of  the  atmospheric  wedge,  the  laser  would  be  pointed  directly  at  its 
target,  and  the  beacon  would  be  directly  "on"  the  subcoherent  receiver. 
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For  an  optical  heterodyne  receiver,  or  for  a  diffraction-limited  optical  tracker,  the 
approach  to  fast  tracking  is  straightforward.  It  is  necessary  only  to  collect  the  wave- 
front  in  a  way  that  allows  its  tilt  to  be  sensed,  and  then  provide  servo  capabilities  to 
counteract  the  tilt.  On  the  other  hand,  for  a  laser  transmitter,  there  is  no  obvious  or 
straightforward  method  that  can  be  implemented  within  the  transmitter  to  obtain  the 
necessary  information  for  controlling  a  servo  system  to  compensate  for  a  tilt  which 
the  atmosphere  will  put  into  the  beam  after  it  leaves  the  transmitter.  However,  be¬ 
cause  of  reciprocity,  it  follows  that  if  the  receiver  at  the  other  end  of  the  link  has 
associated  with  it  a  laser  beacon,  then  if  the  laser  transmitter  shares  its  aperture 
with  a  beacon  tracking  receiver  (either  an  optical  heterodyne  receiver  or  a  diffraction- 
limited  imaging  receiver),  the  appropriate  tilt  for  the  aperture  can  be  derived  from 
tracking  of  the  beacon.  This  tilt  measurement  can  then  be  used  to  point  the  laser  trans¬ 
mitter.  Because  of  reciprocity,  it  is  known  that  the  tilt  developed  from  the  beacon 
tracker  is  exactly  the  right  tilt  to  use  to  realize  the  benefits  of  fast  tracking  for  a 
laser  transmitter. 

3.  DESCRIPTION  OF  EXPERIMENTAL  SYSTEM 

As  already  noted,  the  equipment  used  for  the  beacon  fast-tracking  experiment  was 
assembled  in  a  joint  effort  by  LMSC  and  ITT-Gilfillan.  This  equipment  was  made  avail¬ 
able  for  use  on  this  program  and,  at  the  same  time,  was  used  for  Acquisition  and  Track¬ 
ing  System  Performance  Evaluation  tests  conducted  under  another  contract. 

Figure  21  shows  the  principal  system  components  and  optical  beam  paths  involved,  and 
Figure  22  is  a  pictorial  view  of  the  acquisition  and  tracking  equipment  used  in  this  ex¬ 
periment.  As  shown  in  these  figures,  the  system  has  a  tracking  detector,  servocon- 
trolled  beam  steering  optics,  and  a  pointing  laser  at  one  terminal.  At  the  other  termi¬ 
nal  there  is  a  beacon  laser,  a  pointing  detector,  and  an  optical  power  detector.  The 
term,  "pointing  laser, "  refers  to  the  laser  that  represents  the  transmitting  end  of  a 
communication  link.  However,  no  data  are  to  be  transmitted  in  this  experiment.  The 
pointing  detector  is  a  special  sensor  designed  to  measure  the  wave-front  tilt  of  the 
transmitter  beam  as  received  at  the  beacon  end  of  the  link.  The  optical  power  detector 
indicates  the  instantaneous  received  signal  power  and  represents  the  receiver  of  the 
communication  link.  Both  terminals  are  mounted  on  a  single,  air-supported  slab  of 
concrete  to  provide  high  relative  stability  of  the  two  terminals,  to  isolate  them  from 
ground  motions,  and  to  permit  precision  control  of  their  angular  relationship.  For 
this  experiment,  a  turbulence  generator  is  placed  in  the  optical  path  between  the  two 
terminals  in  a  region  common  to  the  two  laser  beams. 

The  two  terminals  are  diagrammed  in  greater  detail  in  Figures  23  and  24.  The  first 
shows  the  beacon  transmitter  terminal.  An  HeNe  laser  is  attached  rigidly  to  an  optical 
bench  and  pointed  directly  at  the  scanning  mirror  of  the  tracking  terminal  (Figure  22) . 
This  beacon  beam  is  transmitted  through  a  beam  expander  and  spatial  filter  assembly. 
The  spatial  filter  provides  a  highly  collimated  beam  and  rejects  light  components  that 
are  not  exactly  parallel  to  the  main  energy  beam,  and  which  might  show  up  as  angular 
noise  in  the  transmitted  signal. 
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Figure  21  Beacon  Fast-Tracking  Experiment  -  Optical  Components  and  Beam  Paths 


Figure  22  Acquisition  and  Tracking  Evaluation  Subsystem  Used  for  Beacon  Fast-Tracking  Experiment 


Figure  23  Beacon  Transmitter  and  Intensity  Detector  Used  to  Simulate  Communication 


■Beam  Steerers  Used 


S§3*>'' 


The  beam  expander  at  the  beacon  laser  increases  the  beam  diameter  to  2  in.  This  ex¬ 
panded  beam  is  then  stopped  down  to  23  mm  (7/8  in.)  the  diameter  of  the  beamsplitter, 
or  less  by  means  of  a  variable  iris.  Use  of  the  central  portion  of  the  beam  gives  nearly 
uniform  illumination,  representative  of  widely  separated  operational  terminals.  The 
beamsplitter  also  separates  the  incoming  pointing  beam  from  the  outgoing  HeNe  laser 
beacon  beam  aimed  at  the  tracker.  The  former  goes  to  a  pointing  error  detector,  a 
four-quadrant  position  detector  th.-it  measures  the  direction  from  which  the  pointing 
beam  is  received  at  the  beacon  terminal.  Measurement  of  the  effect  that  pointing  noise 
would  have  on  a  communication  link  is  made  by  splitting  off  a  portion  of  the  received 
pointing  signal  and  focusing  it  on  a  pinhole  much  smaller  than  the  focused  spot.  Behind 
the  pinhole  is  a  photodetector  with  an  instantaneous  output  proportional  to  the  light  in¬ 
tensity  reaching  it  through  the  pinhole*  As  the  spot  moves  around  because  of  pointing 
error,  the  amount  of  light  going  through  the  pinhole  will  vary  in  accordance  with  the 
variation  in  intensity  at  the  particular  portion  of  the  focal  plane  pattern  of  the  received 
beam  that  falls  on  the  pinhole.  This  arrangement  of  a  pinhole  at  the  focal  plane  of  the 
received  beam  corresponds  to  a  receiving  aperture  in  the  far  field  of  a  transmitting 
aperture,  and  motion  of  the  focal  plane  pattern  corresponds  to  the  motion  of  the  far 
field  pattern  of  a  collimated  beam.10  Since  both  terminals  in  the  test  are  fixed  in  posi¬ 
tion,  ”  ariations  in  the  direction  from  which  signals  are  received  indicate  pointing 
errors  due  to  tracking  error,  pointing  system  error,  or  turbulence  effects. 

As  shown  in  the  optical  schematic  diagram  (Figure  21),  incoming  radiation  to  the  track¬ 
ing  terminal  is  reflected  from  the  firs.,  (gimballed)  mirror.  From  there,  it  travels  to 
a  folding  mirror  (not  shown)  that  directs  the  light  along  the  axis  of  the  11.  3-power  re¬ 
fracting  telescope  which  reduces  the  beam  diameter  to  2-mm.  Next,  the  beam  is  re¬ 
flected  from  tandem  fine  steering  mirrors  and  a  dichroic  beamsplitter,  and  finally  is 
focused  on  the  image  dissector -tracking  detector. 

The  tracking  error  voltages  generated  in  the  image  dissector-tracker  are  applied  to  the 
fine  steering  mirrors  so  as  to  drive  the  error  voltages  toward  zero.  These  voltages 
are  a  measure  of  the  tracking  error.  The  image  dissector  error  signal  is  calibrated 
in  angle  space,  using  precision  optical  wedges.  A  detailed  description  of  the  tracker 
and  of  the  calibration  method  can  be  found  in  the  final  report  (Reference  7)  on  the 
Acquisition  and  Tracking  System  Performance  Evaluation  Program. 

The  turbulence  generator  is  placed  between  the  two  terminals.  Its  function  is  to  provide 
controllable  air  turbulence  in  the  optical  path.  It  consists  of  a  heat  source,  in  the  form 
of  an  electrical  element,  an  air  source,  an  elongated  slit  orifice,  and  a  structure  for 
channeling  the  turbulent  air  flow  across  the  laser  beam.  Control  of  the  heat  and  air 
flow  gives  a  wide  range  of  air  turbulence  effects,  as  described  more  fully  in 
Section  m,4.c. 
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Since  a  collimated  beam  is  in  reality  a  beam  focused  at  infinity,  the  details  of  the  far- 
field  pattern  of  a  collimated  beam  and  of  the  focal  plane  pattern  of  a  beam  focused  at 
a  finite  distance  are  identical  except  for  the  dimensional  scale. 
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4.  MEASUREMENT  PROGRAM 


a.  Objectives  of  Measurement  Program 

The  primary  objective  of  the  program  is  to  determine  the  degree  to  which  fast  tracking, 
based  on  reciprocity  theory,  can  improve  pointing  accuracy  and  reduce  signal  strength 
fluctuations.  Secondary  objectives  are  to  measure  the  effects  of  air  turbulence  in 
the  beam  path  on  tracking  loop  frequency  response,  and  to  measure  the  effects  of 
varying  transmitter  beam  diameter  and  tracking  loop  bandwidth  on  tiacking  and 
pointing  accuracy,  as  well  as  signal  strength  fluctuation,  when  using  fast  steering 
optics.  The  primary  objective  and  the  first  of  the  secondary  objectives  were  accom¬ 
plished,  but  the  latter  two  were  not  because  of  problems  encountered  during  the 
measurement  program.  Although  these  problems  were  solved,  the  time  delay  in¬ 
volved  and  the  limited  availability  of  the  acquisition  '"id  tracking  system  due  to  the 
high  priority  of  the  evaluation  program,  made  it  impossible  to  carry  out  the  planned 
experiments  involving  variation  of  transmitter  beam  diameter  and  tracking  loop 
bandwidth.  The  nature  of  the  technical  difficulties  encountered  and  tl.i  -r  solution 
will  be  discussed  more  fully  in  Section  111,4,  b,  ( 2 ,). 

After  describing  the  methods  used  to  generate  turbulence  and  to  verify  proper  opera¬ 
tion  of  the  tracking  and  pointing  optics  under  turbulence  conditions,  the  remainder 
of  this  section  will  be  devoted  to  detailing  the  series  of  experiments  carried  out  to 
evaluate  the  effects  of  turbulence  and  the  benefits  of  fast  steering. 

b.  Preparation  of  Turbulence  Generator,  Optics,  and  Tracker 

(1)  Turbulence  Generator.  Figures  21  and  22  indicate  the  position  at  which  the  turbu¬ 
lence  generator  is  introduced  into  the  optical  path.  As  already  mentioned,  the  maxi¬ 
mum  laser-beam  diameter  available  at  that  point  is  23  mm.  The  turbulence  generator 
is  designed  to  accommodate  a  beam  of  that  size.  Figure  25  is  a  longitudinal  cross 
section  of  the  turbulence  generator  in  a  plane  perpendicular  to  the  laser  beam  axis. 
Compressed  air  from  a  pressure  regulator  is  admitted  to  the  plenum  chamber  from 
the  left.  The  ends  of  the  chamber  are  closed  so  that  the  air  flows  out  through  the  slit 
orifice  at  the  right.  The  orifice  opening  is  adjusted  by  tightening  or  loosening  the 
through-bolt,  as  shown  in  Figure  25.  In  most  tests,  an  orifice  opening  of  0.33  mm  (as 
measured  by  means  of  a  feeler  gauge)  was  used,  although  openings  up  to  1.25  mm  were 
used  in  initial  experiments.  The  length  of  the  orifice  is  6. 3  cm.  Air  from  the  orifice 
passes  over  the  solenoidal  heater  coil  and  then  expands  to  fill  the  flow  expansion  cham¬ 
ber  before  passing  across  the  laser  beam. 

The  optical  inhomogeneity  at  the  laser-beam  cross  section  is  caused  by  a  combination 
of  the  effects  of  turbulence  generated  by  air  flow  through  the  orifice  and  by  convection 
currents  resulting  from  the  heater  action.  Each  of  these  effects  could  easily  be  seen 
separately  by  observing  tracking  error  signals  with  only  one  or  the  other  of  the  turbu¬ 
lence  sources  active.  However,  as  expected,  none  of  these  sources  by  itself  produced 
a  satisfactory  turbulence  effect.  With  heat  alone,  the  magnitude  of  beam  wander  was 
great  enough,  but  the  beam  motion  was  characterized  by  large  and  often  sudden 


56 


tm  '  ■  ...  -r-  "-r  irn,  „  ,.  ^wwSaaaa 


’YT^rfn,--ty)‘iT."i. 


Figure  25  Longitudinal  Cross  Section  of  Turbulence  Generator 

transitions  of  the  type  appearing  in  Figure  26  (a),  which  is  an  oscilloscope  trace  of  the 
tracker  horizontal  channel  output  (error)  signal.  The  large  transitions  are  believed  to 
be  due  primarily  to  convection  currents  caused  by  the  heater,  although  some  flow  tur¬ 
bulence  effect  also  was  present.  However,  the  latter  effect  was  small  because  the  air 
pressure  was  low  and  the  orifice  gap  was  at  its  widest.  Figure  26  (b)  shows  the  effect 
of  narrowing  the  orifice  to  0. 33  mm  and  increasing  the  plenum  air  pressure  to  0. 1  lb/ 
in.  2,  Power  input  to  the  heater  was  15  W.  The  latter  case,  although  stixl  exhibiting 
convection  effects,  also  shows  considerable  fine  structure,  which  is  indicative  of  high- 
frequency  fluctuations.  The  latter  set  of  conditions  was  used  throughout  the  test  pro¬ 
gram,  unless  otherwise  noted,  and  is  referred  to  as  the  "standard  condition." 

Thus  far,  the  turbulence  condition  has  been  described  only  in  a  qualitative  way;  in  fact, 
it  was  not  intended  that  any  characterization  in  terms  of  fundamental  turbulence  param¬ 
eters  would  be  attempted.  Rather,  the  turbulence  condition  was  to  be  described  in 
terms  of  its  effect  in  perturbing  laser-beam  direction  and  in  causing  beam -intensity 
fluctuations.  The  quantitative  measurement  made:  to  characterize  turbulence  in  the 
latter  sense  are  presented  in  the  following  sections.  Specifically,  the  rrns  angle  devia¬ 
tion  and  the  power  spectral  density  of  the  angle  fluctuations,  as  sensed  by  the  image 
dissector  tracker,  are  measured,  as  are  the  intensity  variance  and  power  spectral 
density  of  the  beam  transmitted  through  the  turbulence  and  detected  by  means  oi  a  pin¬ 
hole  detector. 
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Figure  26  Oscilloscope  Traces  of  Tracker  Horizontal  Channel  Output  Showing 
Effect  of  Simulated  Turbulence  —  (a)  Low-Strength  Air  Turbulence, 
(b)  Higher-Strength  Air  Turbulence  (Convection  Effects  Due  to 
Heater  Element  Present  in  Both  Cases) 
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(2)  Optics  and  Tracker  Preparation.  Because  the  purpose  of  the  tests  was  to  determine 
how  well  fast  tracking  can  reduce  pointing  errors  due  to  atmospheric  turbulence,  and  the 
associated  signal  fading,  it  was  essential  that  the  contributions  from  all  sources  of  point¬ 
ing  error  other  than  the  turbulence  generator  be  small.  These  extraneous  sources 
include: 

•  Ambient  light  impinging  on  the  detectors 

•  Air  turbulence  outside  of  turbulence  generator 

•  Effects  of  mechanical  or  acoustical  vibrations 

•  Boresight  shifts  between  the  tracker  and  the  pointing  laser 

•  Noise  in  the  pointing  laser  or  the  detector 

Fortunately,  all  of  these  sources  had  been  brought  under  close  control  by  the  extensive 
effort  applied  in  the  preparation  for  the  acquisition  and  tracking  tests,  and  further 
relevant  system  improvement  was  not  required.  With  regard  to  the  tracking  tests, 
optimum  tracking  accuracy  was  obtained  by  using  as  high  a  laser  power  as  possible 
while  remaining  within  the  linear  range  of  the  pointing  detector. 

Prior  to  the  performance  of  the  tests,  preliminary  checkout  and  alignment  were  accom¬ 
plished  as  follows: 

•  Verification  that  the  beams  were  collimated  and  co-linear  between  the  terminals 
and  that  the  detector  lenses  were  properly  focused  to  insure  that  angle  error 
signals  were  indicative  solely  of  angular  rather  than  translational  beam  motion 

•  Centering  of  detectors  relative  to  the  received  beams 

•  Verification  that  the  fine  steering  mirror  drives  were  functioning 

•  Verification  that  image  dissector  acquisition  and  tracking  circuits  were 
operative 

•  Calibration  of  angle  detectors  by  inserting  a  sequence  of  thin  prisms  (optical 
wedges)  into  beam  and  observing  the  error  signals  produced 

Detailed  descriptions  of  the  methods  used  for  carrying  out  the  foregoing  preparatory 
alignment  and  checkout  tests  are  contained  in  Reference  7  and  need  not  be  repeated 
here. 

One  special  adjustment  made  in  these  tests  that  was  not  required  in  the  evaluation  tests 
was  to  use  a  beacon  laser-beam  diameter  of  6  mm,  the  same  as  that  used  for  the  point¬ 
ing  beam.  This  adjustment  was  necessary  in  order  that  the  basic  condition  for  reciproc¬ 
ity  be  satisfied,  namely  that  the  tracker,  and  the  transmitter  beam  pointing  controlled 
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by  the  tracker  (the  pointing  laser),  effectively  share  a  common  aperture.  Since  it  was 
inconvenient  *o  place  an  aperture  in  the  optics  shared  by  the  tracker  and  the  pointing 
laser,  an  equivalent  effect  was  obtained  by  making  the  beacon  transmitter  aperture  the 
same  diameter  as  that  of  the  pointing  laser.  This  ensured  that  the  tracker  would  "see" 
the  effects  of  turbulence  only  over  the  same  volume  that  would  affect  the  pointing  laser. H 

The  waveforms  shown  in  Figure  26  represent  fluctuations  in  the  wave-front  direction  of 
the  beacon  laser  beam  at  the  tracker.  According  to  reciprocity  theory,  the  beam  of  the 
simulated  communication  transmitter  (pointing  laser)  undergoes  similar  perturbations 
in  passing  through  the  turbulence  region.  Therefore,  when  the  beam  is  detected  by  the 
communication  receiver,  fluctuations  in  instantaneous  received  signal  strength  are  ex¬ 
pected.  Figure  27  is  a  sample  of  a  chart  recording  of  the  signal  received  through  a 
25- pm  pinhole  simulating  the  aperture  of  a  receiver  in  the  far  field  of  the  transmitter. 
Turbulence  conditions  were  the  same  as  those  for  Figure  26  (a).  The  transmitter  beam 
was  focused  at  the  pinhole  plane,  and  had  a  diameter  of  100  pm,  as  measured  by  the 
diameter  of  the  first  Airy  dark  ring.  Qualitatively,  the  signal  fading  obviously  is 
severe.  Further  discussion  of  the  significance  of  the  fading  will  be  deferred  until  a 
later  section  in  this  report  where  a  quantitative  measure  of  fading  strength  is  presented. 
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Figure  27  Received  Signal  Intensity  Fluctuations  Due  to  Simulated 
Turbulence  —  Beam  Steerers  Off 


^In  the  case  of  a  ground -to-space  link,  the  common  aperture  would  have  to  be  located 
at  the  transmitter-tracker  end,  rather  than  at  the  beacon  end,  in  order  to  satisfy  the 
requirements  of  reciprocity  theory.  In  the  case  of  this  experiment,  however,  it  was 
permissible  to  place  the  common  aperture  at  the  opposite  end  because  of  the  collimated 
beam  condition  in  the  turbulence  region. 
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c.  Turbulence  Effect  —  Fast  Beam  Steerers  Off 


In  this  section,  the  main  emphasis  is  placed  on  further  defining  the  simulated  atmos¬ 
pheric  turbulence  condition  in  terms  of  its  effect  in  causing  fluctuations  of  laser  beam 
direction.  In  the  pr  -vious  section,  the  nature  of  the  time-variation  of  beacon  beam 
direction,  as  sensed  by  the  tracker,  has  already  been  discussed.  In  order  to  obtain 
a  more  definitive  description  of  this  fluctuation  process,  as  illustrated  by  Figure  26, 
the  related  power  spectral  density  was  measured  by  means  of  a  Hewlett  Packard 
Model  5452A  Digital  Fourier  Analyzer.  (See  Section  n,  4,d.  for  a  description  of  the 
Fourier  Analyzer  operation. ) 

Figure  23  (a)  shows  the  measured  power  spectral  density  of  the  tracker  vertical  chan¬ 
nel  output  when  only  heat  was  used  to  produce  turbulence,  i.e. ,  approximately  the 
same  conditions  as  those  represented  by  Figure  26  (a).  The  abscissa  is  a  logarithmic 
frequency  scale  (fmax  =  1  kHz,  2  divisions/decade)  and  the  vertical  scale  represents 
power  spectral  density  in  dB  units  (5  dB/division).  The  full-scale  decibel  value 
(-30  dB)  is  not  of  immediate  significance  but  is  needed  later  to  allow  comparison 
among  related  spectrum  plots.  It  is  evident  that  the  spectrum  peak  is  at  some  fre¬ 
quency  below  ~2  Hz,  the  lowest  frequency  represented.  Also,  it  is  seen  that  the  power 
density  drops  rapidly  above  a  few  Hz.  The  plateau  region  extending  from  about  30  to 
above  300  Hz  is  due  to  noise  at  the  tracker  output  caused  primarily  by  photocurrent 
shot  noise.  It  should  be  noted  that  the  noise  power  density  is  at  least  30  dB  (1000  to  1) 
below  the  low-frequency  peak.  The  spectrum  shown  in  Figure  28  (b)  results  from  add¬ 
ing  turbulent  air  flow',  that  is,  the  same  conditions  as  for  Figure  26  (b).  Now  at  this 
point,  the.spectrum  peak  is  above  10  Hz,  and  significant  fluctuation  components  are 
present  at  least  to  100  Hz. 

In  addition  to  measuring  the  power  spectrum  of  beam  angle  fluctuation,  the  rms  output 
of  the  tracker  vertical  and  horizontal  channels  was  measured  by  means  of  an  rms  volt¬ 
meter  (Ballantine  Laboratories,  Inc. ,  Model  320).  The  rms  reading  was  then  con¬ 
verted  to  equivalent  rms  beam  direction  fluctuation  by  multiplying  the  voltmeter  read¬ 
ing  by  the  sensitivity  factor  of  the  tracker,  which  was  0. 055  mrad/mV.  The  indicated 
value  of  beam  direction  fluctuation  was  14  prad  rms.  Similar  measurements  of  power 
spectral  density  and  rms  direction  fluctuation  were  made  for  the  tracker  horizontal 
channel  output.  As  the  results  were  virtually  identical  to  those  for  the  vertical  channel, 
they  have  not  been  shown. 

d.  Reduction  of  Turbulence  Effect  by  Fast-Beam  Steering 

(1)  Tracking  and  Beam-Pointing  Errors.  The  effectiveness  of  the  fast-beam  steerers 
in  reducing  turbulence  effects  will  be  detailed  in  this  section,  first  with  reference  to 
the  beacon  beam  direction  fluctuations,  as  indicated  by  the  tracker  output  or  "error" 
signals,  and  with  reference  to  the  angle  fluctuations  of  the  transmitter  beam  as  indi¬ 
cated  by  the  output  of  the  pointing  error  detector.  The  reduction  in  received  signal 
intensity  fluctuations  obtained  by  activating  the  fast  beam  steerers  will  be  described 
in  the  next  section. 
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Figure  28  Power  Spectral  Density  of  Indicated  Beacon  Direction  Fluctuations  Caused  by 
Simulated  Atmospheric  Turbulence  (Beam  Steerers  Off)  —  (a)  Heat  Input  to 
Turbulence  Generator,  (b)  Heat  Plus  Air  Input 


Figure  29  demonstrates  the  reduction  in  random  pointing  jitter  of  the  beacon  laser  beam 
and  of  the  communication  (pointing)  laser  beam  that  was  realized  when  the  fast-beam 
steerers  were  energized.  The  traces  at  the  left  are  the  error  signals  produced  in  the 
horizontal  channels  of  the  pointing  and  tracking  detectors  (upper  pair)  and  the  vertical 
channels  (lower  pair)  by  the  standard  turbulence  condition  when  the  beam  steerers  are 
inactive.  Activating  the  fast  steerers,  without  any  other  change,  produced  the  traces 
at  the  right.  It  is  seen  that  a  very  substantial  reduction  in  the  indicated  pointing  and 
tracking  errors  is  obtained  in  each  channel  shown  in  Figure  29. 

Power  spectra  of  the  vertical  channel  signals  from  the  tracking  and  pointing  detectors 
are  shown  in  Figures  30  and  31.  Here  the  spectral  plots  produced  by  the  Fourier 
Analyzer  for  the  two  conditions  —  fast  steerers  off  and  on  —  have  been  traced  to  allow 
them  to  be  superimposed.  It  is  seen  that  activation  of  the  fast -beam  steerers  has  two 
effects  —  it  reduces  the  peak  spectral  density  of  the  error  signal,  and  it  moves  the  peak 
of  the  curve  from  about  10  Hz  to  the  vicinity  of  50  Hz.  Further,  activation  of  the  fast 
beam  steerers  did  not  reduce  the  tracking  and  pointing  errors  at  all  frequencies.  Above 
about  100  Hz,  the  errors  are  somewhat  increased. 

Because  of  the  shift  in  the  peak  of  the  spectra  toward  higher  frequencies,  and  the  actual 
increase  in  high-frequency  tracking  errors,  when  the  beam  steerers  are  activated,  the 
reduction  in  rms  (total)  pointing  anu  tracking  errors  is  not  as  great  as  the  reduction  in 
peak  spectral  density.  Table  3  presents  a  summary  of  the  measurement  results. 

Table  3.  Summary  of  Measurement  Results 


Beam 

Channel 

Reduction  of 

RMS  Angle  Error 

Beacon 

Horizontal 

3.  57  (11. 1  dB) 

Beacon 

Vertical 

4.16  (12.4  dB) 

Communication 

Horizontal 

2.33  (7.4  dB) 

Communication 

Vertical 

3.50  (10.  9dB) 

(2)  Intensity  Fluctuations  at  Receiving  Detector.  Figure  21  shows  the  intensity  detector 
that  simulates  the  communication  detector  as  being  operative  simultaneously  with  the 
pointing  (angle  error)  detector.  The  system  was  diagrammed  in  that  way  for  simplicity 
in  description  but,  in  actuality,  the  intensity  detector  was  not  in  place  initially,  and 
was  suostituted  for  the  pointing  detector  after  completion  of  the  angle  error  measure¬ 
ments,  In  view  of  the  substantial  reduction  in  angle  error  due  to  turbulence,  obtained 
when  the  beam  steerers  were  activated,  it  was  confidently  expected  that  a  similar  re¬ 
duction  in  intensity  variation  would  be  observed.  Initially,  however,  this  was  not  the 
case.  At  most,  reductions  of  only  a  few  de  cite  Is  in  the  total  intensity  variance  were 
obtained,  and  correspondingly  small  reductiors  in  power  spectral  density  of  the  inten¬ 
sity  fluctuations  were  observed. 
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i  Figure  29  Pointing  and  Tracking  Detector  Outputs  With  Simulated 

!  Atmospheric  Turbulence  -  (a)  Beam  Steer ers  Off, 

!  (b)  Beam  Steerers  On 
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TRACKER  VERTICAL  CHANNEL 
SIMULATED  ATMOSPHERIC  TURBULENCE 


Figure  30  Comparison  of  Power  Spectra  of  Tracker  Vertical-Channel 
Error  Signals  With  Beam  Steerers  Off  (Upper  Trace)  and 
On  (Lower  Trace) 


POINTING  DETECTOR  VERTICAL  CHANNEL 
SIMULATED  ATMOSPHERIC  TURBULENCE 


1  10  102  103 
FREQUENCY  (Hz) 


Figure  31  Comparison  of  Power  Spectra  of  Pointing  Detector  Vertical-Channel 
Angle  Error  Signals  With  Beam  Steerers  Off  (Upper  Trace)  and  On 
(Lower  Trace) 


After  careful  realignment  and  readjustment  of  the  optical  system  failed  to  correct  the 
problem,  it  was  decided  that  a  critical  examination  should  be  made  of  the  quality  of  the 
beam  focus  at  both  the  tracking  detector  and  the  intensity  detector.  For  this  purpose, 
an  alignment  telescope  and  a  microscope  were  used,  respectively,  to  produce  enlarged 
images  of  the  collimated  beams  or  focal  spots  at  various  points  in  the  system.  These 
tests  indicated  that  beam  quality  was  being  affected  adversely  by  several  components, 
notably  the  principal  beamsplitters  at  each  of  the  link  terminals,  and  the  beam¬ 
converging  lens  ahead  of  the  intensity  detector.  Once  these  deficient  components  were 
identified,  high  quality  components  were  procured  and  substituted,  and  the  system  was 
readjusted  and  realigned. 

After  these  improvements  were  completed,  the  system  was  again  tested,  using  the 
standard  turbulence  conditions  described  earlier  (heat  plus  air)  in  Section  m,4,b,(l) 
and  greatly  improved  performance  was  obtained.  Figure  32  shows  the  effectiveness 
of  fast  beam  steering  under  these  new  conditions  in  reducing  intensity  fluctuations  at 
the  receiving  detector  caused  by  simulated  turbulence.  In  this  test,  a  25-pm-diam. 
pinhole  was  located  just  in  front  of  the  intensity  photodetector.  As  indicated,  fading  of 
the  downward  signal  to  one -half  of  the  maximum  signal  level  (Vmax)  or  below  occurs 
quite  frequently  when  the  beam  steerers  are  off  (left).  With  the  beam  steerers  on 
(right)  the  depth  cf  fading  is  reduced  markedly. 

The  power  spectral  density  of  the  signals  represented  in  Figure  32  was  determined  by 
means  of  the  Fourier  Analyzer  and  is  shown  in  Figure  33.  There,  the  original  CRT 
display  photographs  have  been  traced  to  allow  display  of  the  two  spectra  on  a  single 
graph  for  comparison.  Similar  tracings  in  Figure  34  show  the  reduction  in  intensity 
fluctuation  observed  when  the  detector  pinhole  was  10  pm.  ^ 

For  both  pinhole  sizes,  activation  of  the  beam  steerers  reduced  the  peak  spectral 
density  and  shifted  the  peak  toward  higher  frequency,  much  as  in  the  case  of  tracking 
and  pointing  error  signals  (Figures  30  and  31,  respectively).  The  measured  rms 
values  of  intensity  fluctuation  (expressed  as  a  fraction  of  mean  intensity)  for  the  two 
conditions  —  beam  steerers  off  and  beam  steerers  on  —  are  given  in  Table  4.  Also 
shown  are  reductions  in  intensity  variance  obtained  by  activating  the  beam  steerers. 


Table  4.  Intensity  Detector  Output  Fluctuation  Magnitude  and  Variance  Reduction 
with  Beam  Steering 


Detector 

Pinhole 

Diameter 

(pm) 

RMS  Intensity  Fluctuation 

Mean  Intensity 

Intensity  Variance 
Reduction 
<dB) 

Beam  Steerers  Off 

Beam  Steerers  On 

25 

0.  072 

0.0055 

23.2 

10 

0.  047 

0. 0055 

18.7 

12 

The  spectra  of  Figure  33  cannot  be  compared  with  those  of  Figure  34  as  to  absolute 
level  because  of  the  change  in  signal  level  associated  with  the  change  of  pinhole  size. 
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Figure  32  Output  Fluctuations  of  Intensity  Detector  Communication  Receiver  Due  to 

Simulated  Atmospheric  Turbulence  —  (a)  Beam  Steerers  Off,  (b)  Beam  Steer ers  On 


INTENSITY  DETECTOR  OUTPUT:  25  pm  PINHOLE 
SIMULATED  ATMOSPHERIC  TURBULENCE 


Figure  33  Intensity  Detector  Output  Signal  Power  Spectra  -  Beam 
Steerers  Off  (Upper  Trace),  Beam  Steerers  On  (Lower 
Trace);  25-pm  Pinhole 

INTENSITY  DETECTOR  OUTPUT:  10  pm  PINHOLE 
SIMULATED  ATMOSPHERIC  TURBULENCE 


FREQUENCY  (Hz) 


Figure  34  Intensity  Detector  Output  Signal  Power  Spectra  —  Beam 
Steerers  Off  (Upper  Trace),  Beam  Steerers  On  (Lower 
Trace);  10-pm  Pinhole 


Comparing  the  reduction  factors  in  this  table  with  those  in  Table  3  for  the  pointing  and 
tracking  detectors ,  it  is  seen  that  greater  reductions  in  variance  are  obtained  in  the 
intensity  detector  case. 

e.  Turbulence  Effect  on  Frequency  Response  of  Fast  Tracking  Loop 

When  the  beacon  beam  quality  (direction  and  wave-front  uniformity)  is  perturbed  by  tur¬ 
bulence,  the  focal  spot  at  the  tracking  photodetector  pinhole  is  also  perturbed  to  the  ex¬ 
tent  that  the  fast  steerers  fail  to  counteract  the  turbulence  effect.  It  is  conceivable, 
therefore,  that  the  focal  spot  will  be  randomly  deflected  away  from  the  tracking  detec¬ 
tor  pinhole,  or  simply  defocused,  with  a  consequent  loss  of  signal  strength.  This  in 
turn  could  cause  a  change  in  tracker  sensitivity  with  a  corresponding  change  of  the 
beam  steering  loop  bandwidth. 

In  order  to  determine  whether  turbulence  causes  any  such  effect,  the  frequency  response 
of  the  steering  servo  loop  was  measured.  With  reference  to  Figure  35,  a  sinusoidal 
test  signal  was  introduced  into  the  inner  fine  steering  loop  at  the  point  shown,  and  the 
signal  appearing  at  the  test  point  was  measured  after  transmission  around  the  loop. 

The  ratio  of  the  latter  signal  (output)  to  the  input  signal  at  a  given  test  signal  frequency 
is  the  desired  measure  of  beam-steering  loop  servo  gain. 

When  frequency  was  varied  over  the  range  from  0. 1  to  600  Hz,  the  response  was  con¬ 
stant  up  to  frequencies  somewhat  above  100  Hz.  At  still  higher  frequencies,  the  response 
dropped  rapidly,  reaching  -3  dB  (0.  707  relative  amplitude)  at  3a0  Hz  for  the  horizontal 
channel  and  270  Hz  for  the  vertical  channel.  These  frequencies  are  taken  as  the  measure 
of  beam-steerer  servo  bandwidth. 

To  determine  whether  servo  bandwidth  was  affected  by  turbulence,  similar  measure¬ 
ments  were  made  with  the  turbulence  generator  both  on  and  off.  No  change  in  band¬ 
width  between  the  two  conditions  was  detected.  It  is  therefore  concluded  that  turbulence 
does  not  have  any  effect  on  beam-steerer  servo  bandwidth,  at  least  up  to  level  of  turbulence 
used  in  these  experiments. 

f .  Effect  of  Aperture  Size  on  Fading  Reduction  by  Fast  Tracking 

In  Reference  1  (Appendix  L)  it  was  predicted  theoretically  that  the  reduction  in  intensity 
variance  obtainable  with  a  fast-tracking/fast-steering  transmitter  would  vary  as  a  func¬ 
tion  of  the  ratio  of  transmitter  (and  tracker)  aperture  size  D  to  a  quantity  rQ  that  char¬ 
acterizes  the  strength  of  optical  inhomogeneity.  In  particular,  as  discussed  more  fully 
later  in  this  report  (Section  IV,  l,b),  there  is  a  value  of  aperture  diameter  beyond  which 
the  intensity  variance  begins  to  increase  rapidly.  This  value  is  given  by  D  “  1.5  r0. 


13It  is  a  characteristic  of  a  servo  system  that  the  effective  servo  bandwidth  is  directly 
related  to  the  gain  of  the  servo  loop. 


Figure  35  Component  Relationships  in  Tracking  and  Team  Steel 
System  —  With  Only  Portion  of  System  Within  Dashed 
Line  Active  in  Fast-Tracking  Experiment 


It  was  intended,  as  part  of  this  experiment,  to  vary  the  diameter  of  the  transmitter/ 
tracker  aperture  in  an  attempt  to  determine  the  validity  of  the-predicted  dependence  of 
intensity  variance  on  aperture  diameter.  However,  this  test  was  not  accomplished  for 
the  following  reasons: 

•  The  availability  of  the  test  system  for  this  program  was  severely  limited  because 
of  the  high  priority  of  the  Acquisition  and  Tracking  System  Evaluation  Program. 

•  The  period  scheduled  for  the  test  of  aperture  size  effect  was  consumed  in  making 
the  optics  refinements  found  necessary  in  order  to  complete  the  test  of  fading 
reduction  by  fast  tracking,  the  primary  objective  of  that  experiment.  (See 
Section  m,4,d.) 

Since  predicted  dependence  of  intensity  variance  on  aperture  size  has  not  been  verified 
experimentally,  it  is  pertinent  to  mention  that  an  independent  theoretical  analysis  of  the 
action  of  a  fast-steering  transmitter,  also  based  on  the  concept  of  reciprocity,  has 
recently  been  reported  and  the  predictions  of  that  theory  are  consistent,  at  least  in  a 
qualitative  sense,  with  the  previously  developed  theory  that  formed  the  basis  for  the 
concept  of  a  fast-tracking  transmitter  as  studied  in  this  program.  (See  Reference  8.) 

g.  Bore  sight  Tolerance 

An  underlying  assumption  of  the  fast-tracking/fast-steering  concept  is  that  the  f  ms- 
mitter  be  accurately  boresighted  to  the  tracking  receiver.  In  other  werds,  disri  ward¬ 
ing  point-ahead  correction,  when  the  receiving  detector  is  tracking  an  incoming  plane 
wave  beam  and  the  fast  beam  steerers  have  been  positioned  by  servo  action  to  minimize 
angle  errors  at  the  tracking  deterge. ,  then  alignment  of  the  transmitting  optics  will  be 
such  that  the  transmitted  beam  axis  is  co- linear  with  that  of  the  incoming  beam.  If  this 
condition  is  not  satisfied,  then  the  transmitter  signal  strength  at  the  other  (communica¬ 
tion  receiver)  end  of  the  link  will  not,  on  average,  be  maximal.  Even  worse,  random 
tracking  errors  due  to  turbulence  that  tend  to  deflect  the  transmitter  beam  farther  away 
from  the  receiver  than  its  mean  position  will  produce  exaggerated  fading  (as  compared 
to  a  boresighted  beam)  because  of  the  steepness  of  the  sides  of  the  transmitter  beam 
pattern.  However,  the  basic  action  of  the  fast  beam  steerers  is  to  position  the  received 
beacon  beam  at  the  tracking  detector  so  as  to  maximize  the  average  received  signal 
strength,  and  at  the  same  time  to  minimize  fluctuations  of  signal  strength  at.  that  detec¬ 
tor.  Boresight  misalignment  therefore  tends  to  increase  signal  fluctuation  strength  at 
the  receiver  end  of  the  link  relative  to  the  signal  fluctuation  strength  at  the  transmitter 
(tracker)  end. 

On  the  other  hand,  if  the  boresight  condition  is  satisfied,  reciprocity  theory  states  that 
fluctuations  seen  at  one  end  of  the  link  will  be  duplicated  at  the  other  end;  that  is,  sig¬ 
nals  at  the  two  ends  of  the  link  will  be  highly  correlated.  Conversely,  in  view  of  the  dis 
cussion  of  the  previous  paragraph,  boresight  misalignment  will  degrade  correlation. 
Therefore,  correlation  of  the  two  signals  is  a  direct  and  pertinent  measure  of  boresight 
accuracy. 
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The  question  now  remains  as  to  what  constitutes  an  acceptably  small  bore  sight  error. 

In  Appendix  HI,  the  correlation  of  intensity  fluctuations  is  calculated  as  a  function  of 
boresighv.  error  using  an  approach  based  on  reciprocity  theory.  One  of  the  principal 
results  of  that  calculation,  applicable  to  the  fast-tracking  transmitter,  is  presented 
in  Figure  36  where  correlation  Ct  is  plotted  as  a  function  of  boresight  error  0  .  Here 
6  is  measured  in  units  of  transmitter  beamwidth  X/D  .  It  is  seen,  for  example,  that 
if  the  boresight  error  is  less  than  0.2  beamwidths,  the  correlation  will  be  95  percent 
or  greater.  If  the  boresight  error  can  be  kept  that  small,  virtually  all  of  the  improve¬ 
ment  in  average  transmitting  antenna  gain  and  reduction  of  up-link  fading  predicted 
f^r  the  fast  tracking/fast  steering  technique  will  be  realized. 
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Figure  36  Antenna  Gain  Correlation  Cx<0)  for  a  Tracking/Pointing  System  Employing 
Fast  Beam  Steering- Aperture  Diameter:  D  =  1.5r<j 


SECTION  IV 


ATMOSPHERIC  TRANSMISSION  MEASUREMENT  SYSTEM  DESIGN 


1.  GENERAL  CONSIDERATIONS 

In  conjunction  with  the  experimental  and  theoretical  work  performed  during  this  program 
to  establish  the  cature  of  the  reciprocity  phenomena,  work  has  also  been  performed  with 
the  objective  of  exploiting  reciprocity  as  a  basis  for  a  measurement  program  to  deter- 
min  he  actual  limitations  on  antenna  gain  set  by  atmospheric  turbuler.ce.l4  This  work 
has  concerned  itself  with  defining  the  equipment  necessary  for  such  a  measurement  pro¬ 
gram,  establishing  the  data  recording  and  processing  procedures  for  the  experiment, 
and  laying  out  a  program  plan  and  schedule.  This  section  is  devoted  to  a  presentation 
of  this  vork. 

* .  Summarv  Discussion  of  Atmospheric  Turbulence  Effects  on  Ground-To- Space  Link 
'Design 

Atmospheric  turbulence  will  affect  the  properties  of  a  laser  beam  passing  through  the 
atmosphere  by  inducing  wavefront  distortions  and  intensity  variations  across  thu  beam. 

In  an  up-link,  i.e. ,  from  ground-to-space,  the  dominant  effect  is  wave-front  distor¬ 
tion  which  will  cause  the  average  antenna  gain  of  the  transmitter  to  be  degraded.  The 
laser  beam  wobbles  (i.e. ,  tilts)  and  spreads.  Therefore,  on  average,  less  energy 
will  be  collected  by  the  receiver  at  the  space-end  of  the  link.  This  is  itself  a  signifi¬ 
cant  degradation  in  link  charactexistics.  In  addition,  it  must  be  considered  that  not 
only  does  atmospheric  turbulence  reduce  the  average  power  that  the  receiver  will 
collect,  but  it  also  makes  the  amount  of  power  collected  at  any  instant  a  random  var¬ 
iable.  This  means  that,  in  a  data  transmission  link,  there  is  a  potential  problem  of  fading 
and  information  dropout.  To  avoid  this  phenomenon,  the  fading  must  somehow  be  sup¬ 
pressed,  or  more  laser  power  must  be  transmitted  than  would  be  needed  with  a  non¬ 
fading  signal  of  the  same  average  power.  Altogether,  the  atmospheric  turbulence 
causes  a  reduction  in  effective  antenna  gain  by  reducing  the  average  gain,  and  by  re¬ 
quiring  excess  average  power  to  be  transmitted  to  accommodate  fading. 

Depending  on  the  wavelength  and  aperture  diameter  of  the  transmitter,  the  strength 
of  turbulence,  and  the  zenith  angle  at  which  the  transmitter  is  operating,  the  loss  due 
to  atmospheric  turbulence  can  be  quite  severe.  In  general,  the  longer  the  wavelength 
and  the  smaller  the  transmitter  aperture  diameter,  the  less  of  a  problem  there  will  be 


l4The  main  importance  of  reciprocity  remains  the  added  10-dB  performance  offered  in 
an  atmospheric-turbulence  limited  laser  transmitter.  In  this  effort,  however,  the 
purpose  was  to  exploit  one  of  the  side  benefits,  namely,  an  opportunity  to  make  sim¬ 
plified  field  measurements. 
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with  atmospheric  turbulence.  The  effect  of  turbulence  on  the  antenna  gain  is  determined 
in  part  by  the  quf-ntity  rQ  ,  which  has  the  dimensions  of  length,  and  is  a  function  of  the 
wavelength  and  of  the  integrated  optical  strength  of  turbulence  along  the  propagation  path. 
This  parameter  is  a  measure  of  the  amount  of  wave- front  distortion  caused  by  the  turbu¬ 
lence.  (See  Reference  1,  Appendix  M).  If  the  transmitter  antenna  diameter  D  is  much 
less  than  r0  ,  atmospheric  turbulence  will  have  virtually  no  effect  on  the  antenna  gain. 

If  the  diameter  D  is  less  than  but  comparable  to  ro  ,  then  turbulence  effects  will  be 
noticeable,  slightly  in  terms  of  average  antenna  gain  and  more  substantially  in  terms 
of  antenna  gain  fading.  If  the  diameter  D  is  comparable  to  but  larger  than  r0  ,  the 
atmospheric  turbulence  will  significantly  degrade  the  average  antenna  gain  and,  more 
importantly,  introduce  very  large  and  quite  unacceptable  antenna  gain  fading.  For 
transmitter  antenna  diameter  D  very  much  larger  than  r0 ,  the  average  antenna  gain 
will  be  limited  by  atmospheric  turbulence  to  a  value  about  equal  to  what  a  diameter 
equal  to  r0  would  yield  in  free  space  propagation,  quite  independent  of  the  actual  value 
of  D.  Moreover,  the  antenna  gain  fading  with  such  a  large  diameter  will  be  so  severe 
as  to  render  any  hope  of  transmitting  useful  amounts  of  information  entirely  outside  the 
realm  of  possibility. 

In  discussing  the  effect  of  atmospheric  turbulence  on  a  laser  beam ,  brief  reference  was 
made  previously  to  the  fact  that  part  of  the  beam  spreading  produced  by  atmospheric 
turbulence  corresponded  to  a  wobbling  or  tilting  of  the  beam.  On  an  average,  this 
spreads  the  beam  but,  at  any  instant,  it  only  tilts  the  beam.  If  the  laser  transmitter 
is  designed,  using  reciprocity,  to  take  advantage  of  the  possibility  of  comp,  ting  for 
this  tilt  by  fast-pointing  adjustment,  then  about  three  times  as  large  an  antenna  could 
be  used  compared  to  that  possible  with  a  static  slow  tracking  system,  before  turbulence 
effects  on  the  effective  antenna  gain  (taking  into  account  both  fading  and  average  gain) 
become  significant  (Reference  1 ,  Appendix  M) .  Analysis  indicates  that  while  a  static 
laser  transmitter  will  have  the  maximum  possible  effective  antenna  gain  when  its  diame¬ 
ter  is  about  0.5  r0,  a  fast-pointing  laser  transmitter  will  achieve  its  optimum  perform¬ 
ance  when  its  diameter  is  about  1. 5  r0.  There  is  about  a  10-dB  improvement  in  effective 
antenna  gain  to  be  obtained  by  using  fast  pointing.  Even  with  fast  pointing,  however,  the 
best  possible  effective  antenna  gain  is  only  about  equal  to  what  an  ordinary  laser  trans¬ 
mitter  of  diameter  r0  would  achieve  in  free  space  propagation. 

b.  Need  for  Atmospheric  Transmission  Measurements  for  Ground-To- Space  Link  Design 

Probably  the  most  significant  area  of  uncertainty  in  attempting  to  estimate  the  effect  of 
atmospheric  turbulence  on  a  laser  ground-to- space  link  is  the  lack  of  adequate  data  on 
the  value  of  rQ  .  Some  data,  based  on  estimates  of  the  vertical  distribution  of  the  opti¬ 
cal  strength  of  atmospheric  turbulence ,  are  available ,  and  there  are  some  other  data 
based  on  astronomical  observations.  (See  Reference  1,  Appendix  M.)  However,  the 
data  computed  from  estimates  of  the  vertical  distribution  of  the  strength  of  turbulence 
are  at  best  questionable,  while  those  derived  from  astronomical  observations  are  limited 
to  night-time,  and  to  special  sites  only. 


It  would  be  desirable  to  have  a  more  extensive  and  reliable  data  base  for  values  of  r0 
as  a  function  of  location,  time  of  day  and  year,  and  climatic  conditions  for  use  in  esti¬ 
mating  link  performance  and  in  defining  link  design  parameters.  Analysis  of  expected 
performance  of  a  laser  ground-to-space  link  performed  on  the  Space  Data  Relay  Sub¬ 
system  program  (Reference  1)  showed  that  if  nominal  values  are  assumed  for  r0  ,  in 
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general  agreement  with  estimates  developed  under  the  program,  the  desired  link 
characteristics  could,  for  most  conditions,  be  achieved  with  a  portable  ground  laser 
transmitter  terminal,  by  making  use  of  reciprocity  and  the  fast-pointing  laser  trans¬ 
mitter  concept.  The  margin  was  not  wide,  however,  and  to  achieve  the  desired  per¬ 
formance,  it  was  necessary  to  introduce  the  complexity  not  only  of  fast- pointing  but 
also  of  four  parallel  but  independent  transmitter  units,  each  with  its  own  fast  pointing. 

In  view  of  the  lack  of  a  firm  data  base  for  r0  ,  and  considering  the  implications  of 
different  values  of  rQ  relevant  to  achieving  the  required  link  performance  within 
practical  constraints  on  the  ground  station,  it  would  seem  critical  that  more  complete 
and  reliable  data  for  r0  should  be  obtained.  Data  that  is  reliable  in  nature  and  that 
covers  a  wide  variety  of  locations  and  conditions  are  needed.  On  the  basis  of  such  data, 
it  would  then  be  possible  to  specify  more  reliably  the  performance  to  be  expected  from 
a  ground-to-space  laser  data  link  and  to  design  the  ground  terminal  to  ensure  this  per¬ 
formance  within  required  reliability  limits.  (The  reliability  aspect  of  the  question  de¬ 
pends  on  obtaining  valid  statistics  for  the  occurrence  of  various  values  of  r© .) 

In  addition  to  obtaining  data  on  r0  ,  it  would  be  desirable  to  obtain  data  on  the  frequen¬ 
cies  associated  with  laser  beam  tilt  so  that  the  servo  system  for  a  fast  pointing  laser 
transmitter  can  be  properly  designed.  At  present,  only  very  rough  estimates  of  the 
frequencies  associated  with  this  phenomena  are  available.  It  would  be  desirable  to 
obtain  experimental  data  on  this  subject  as  an  aid  in  later  system  design. 

As  mentioned  above,  about  10-dB  better  performance  is  expected  from  a  fast  pointing 
laser  transmitter  than  from  a  static  unit.  It  would  be  desirable  to  obtain  experimental 
measurement  of  the  expected  performance  of  a  laser  transmitter  in  each  mode  of  op¬ 
eration,  not  merely  to  confirm  the  expected  10-dB  improvement,  but  also  to  yield  a 
clear  and  unambiguous  measure  of  the  level  of  system  performance  that  can  be 
achieved  in  practice. 

c.  Advantages  of  Approach  Based  on  Star  Image  Sensing 

In  order  to  obtain  the  desired  data  base  just  discussed,  consideration  has  been  given  to 
the  use  of  a  star  image  sensor  (SIS)  based  on  the  use  of  an  image  dissector  tube.  This 
sensor  is  described  in  Section  IV,  2. 

Making  use  of  the  reciprocity  concept  as  developed  in  Section  n,  it  follows  that  measure¬ 
ment  of  the  performance  of  diffraction-limited  optics  looking  at  starlight  coming  down 
to  a  ground-based  telescope  can  be  directly  equated  with  the  performance  of  a  ground- 
to-space  laser  transmitter  along  the  same  path.  By  using  a  tracking  image-dissector 
in  the  focal  plane  of  diffraction  limited  optics  (with  the  image  dissector  aperture 
smaller  than  the  Airy  disk),  and  measuring  signal  strength  and  tracking  voltages  as 
the  telescope  diameter  is  varied  with  an  iris,  all  of  the  desired  data  can  be  obtained. 
Interestingly,  the  data  produced  in  this  manner  are  almost  directly  interpretable,  and 
not  subject  to  any  of  the  possible  inaccuracies  of  most  of  optical  propagation  theory 
for  random  media. 
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Specifically,  the  following  quantities  relating  to  up-link  performance  can  be  directly 
determined: 

•  Wavefront  coherence  parameter  rQ 

•  Average  antenna  gain  and  gain  variance  for  any  antenna  diameter  up  to 
8-in. 

•  Optimum  antenna  aperture  size 

•  Optimum  tracking  loop  bandwidth  and  gain 

•  Antenna  gain  probability  distribution  and  fluctuation  spectrum 

•  Pointing  error  variance  and  fluctuation  spectrum 

The  basic  measurement  for  determining  rD  consists  of  varying  the  aperture  diameter  and 
observing  how  the  signal  strength  varies.  A  plot  of  signal  strength  versus  diameter 
should  show  a  break  from  a  fourth-power  dependence  at  small  diameters  to  second 
power  at  large  diameters,  with  the  knee  of  the  curve  at  a  diameter  rD  .  Measure¬ 
ments  of  average  signal  strength  when  (1)  the  image  dissector  tracking  servo  is  fully 
operational  with  a  wide  servo  bandwidth,  or  (2)  the  bandwidth  is  reduced  to  about  1  Hz, 
should  show  the  expected  10-dB  difference  in  performance  (at  optimum  aperture  sizes) 
expected  from  used  of  fast  pointing.  Measurements  of  average  signal  strength  with 
various  servo  bandwidths  will  indicate  without  ambiguity  the  required  servo  bandwidth 
to  achieve,  say,  90  percent  of  the  full  potential  of  the  fast-pointing  concept.  Much  the 
same  data  can  also  be  obtained  by  measuring  the  servo  voltage  power  spectrum.  The 
fluctuation  statistics  of  the  detected  signal  strength  can  be  measured  and  correlated 
with  telescope  aperture  diameter  to  check  predictions  of  fading  statistics,  for  both 
static  and  fast  pointing  (in  this  case,  of  course,  fast  tracking).  More  important, 
however,  is  the  fact  that,  whether  or  not  measured  fluctuation  statistics  confirm 
theoretical  predictions,  they  are  useful  in  their  own  right.  Based  on  the  fluctuation 
statistics  observed,  the  extent  of  the  potential  antenna  gain  fading  problem  can  be 
determined. 

Three  features  of  the  star  image  sensor  (SIS),  particularly  deserve  comment.  First, 
because  of  its  very  small  instantaneous  field-of-view,  the  unit  can  function  just  about 
as  well  during  daytiir  ,  as  during  the  night  (except  that  it  will  take  somewhat  longer 
for  initial  acquisition  of  the  target  star  during  daylight  hours).  This  means  that  both 
day  and  nighttime  data  can  be  obtained. 

Second,  the  unit  allows  a  single -ended  link  experiment.  Since  the  star  is  available 
without  cost  and  does  not  require  maintenance,  the  experiment  would  be  rather  easy 
to  perform,  requiring  only  a  few  people,  perhaps  as  few  as  two  persons,  during  the 
data  taking;  this  facilitates  planning  for  many  continuous  hours  of  data  gathering.  A 
small  crew  could,  over  a  period  of  several  weeks,  obtain  as  much  as  a  few  hundred 
hours  of  data  at  quite  low  operational  cost.  The  actual  amount  of  data  taken  would  be 
limited  mostly  by  such  practical  considerations  as  recording  tape  length  and  data 
handling.  This  ensures  that  adequate  statistical  coverage  of  the  subject  can  be  obtained. 
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The  third  feature  of  the  SIS  is  the  relative  ease  of  being  transported  to  and  set  up  at 
various  sites,  including  mountain-top  observatory  sites,  if  desired.  This  means  data 
on  atmospheric  turbulence  effects  at  a  variety  of  sites  can  be  obtained.  The  only  limit 
on  the  number  of  sites  surveyed  will  be  the  duration  of  the  measurement  program,  and 
the  amount  of  time  it  is  desired  to  spend  at  each  site. 

It  is  worth  noting  that,  beyond  its  use  as  a  data  gathering  unit  prior  to  detailed  design 
of  the  ground  laser  transmitter,  the  SIS  may  prove  to  be  useful  as  a  diagnostic 
instrument  during  the  shake-down  phase  of  operation  of  the  laser  ground-to- space 
communications  link.  However,  this  potential  application  is  beyond  the  scope  of  the 
present  program. 

d.  Overall  System  Description  and  Operational  Concept 

(1)  Measurement  Equipment.  The  equipment  required  for  the  measurement  program 
is  depicted  in  Figure  37.  The  principal  unit  is  a  small  (i.e. ,  16-in. -diam. ) 
astronomical-quality  telescope,  modified  the  addition  of  an  image  dissector  that 
is  servo-tracking-loop  controlled  at  the  telescope's  focal  plane.  The  telescope  and 
operator  console  are  enclosed  in  a  portable  observatory  dome  that  can  be  disassembled. 
The  telescope  pier  and  dome  base  are  cast  concrete  and  are  not  portable.  Their  instal¬ 
lation  is  part  of  site  preparation.  The  telescope  and  dome  are  easily  movable  from  one 
prepared  site  to  another,  as  required.  A  trailer  van  will  be  used  to  house  the  data  re¬ 
cording  and  preliminary  processing  equipment  and  will  provide  shelter  for  the  field-site 
crew  during  data- acquisition  periods.  It  will  also  supply  space  and  suitable  supports 
for  use  during  transport  of  the  disassembled  telescope  from  one  measurement  site  to 
another. 

The  tracking  SIS  will  employ  a  modified  cruciform  pattern  when  the  image  dissector 
is  ir.  the  tracking  mode.  This  modified  cruciform  approach  will  provide  for  a  portion 
of  the  total  scan  waveform  during  which  there  is  zero  a-c  deflection,  so  that  the  star 
can  be  sampled  without  its  image  being  modulated  by  the  normal  scan  pattern.  The 
background  will  be  sampled  during  periods  of  lime  when  the  instantaneous  field-of- 
view  of  the  SIS  is  purposely  scanned  off  the  target.  Provision  for  varying  both  the 
tracker  bandwidth  and  sample  time  (i.e. ,  the  time  when  the  a-c  deflection  scan  voltage 
is  zero)  will  be  incorporated.  The  SIS  will  work  with  an  external  rather  than  an  internal 
clock  in  order  to  provide  synchronization  between  it  and  the  data  processing  system. 

This  is  necessary  in  order  to  assure  availability  of  data  when  required  by  the  computer. 
The  sensor  in  the  SIS  will  be  an  F4012  image  dissector  which  ITT  Gilfillan  has  utilized 
in  previously  designed  star  trackers.  The  instantaneous  aperture  in  the  image  dissec¬ 
tor  will  be  0. 0017  in.  in  radius.  Optical  magnification  will  be  adjusted  as  the  tele¬ 
scope  primary  aperture  is  varied  so  that  the  instantaneous  aperture  remains  appreci¬ 
ably  smaller  than  the  star  image  size.  In  this  way,  the  SIS  will  be  able  to  measure 
the  intensity  at  the  center  of  the  star  image,  this  being  the  quantity  that  correspords 
to  up-link  transmission,  according  to  reciprocity  theory. 

The  telescope  will  be  a  modification  of  a  standard  16-ir..  Cassegrain  system.  Figure 
38  is  a  photograph  of  the  (unmodified)  telescope  selected.  An  effective  telescope  diameter 
of  8  inches,  which  will  be  the  maximum  aperture  in  this  application,  will  be  achieved 
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using  a  mask.  This  will  result  in  a  small  amount  of  obscuration  at  one  edge  of  the 
8-in.  diameter  aperture,  but  this  obscuration  will  be  no  more  than  2  in.  in  diameter. 
Since  most  observations  will  be  made  with  smaller  apertures,  this  compromise  is 
not  considered  detrimental  to  the  validity  of  the  measurements.  The  effective  aper¬ 
ture  of  the  system  will  be  adjustable,  by  use  of  a  variable  iris  from  the  nominal  8-in. 
diameter  to  approximately  1  inch.  To  maintain  an  approximately  constant  focal  spot 
size  as  the  aperture  diameter  is  varied,  the  focal  length  of  the  telescope  will  be  varied 
from  approximately  1,  084  to  136  in.  using  a  turret  arrangement  of  lenses  in  the  optical 
path  of  e  telescope.  Provision  will  be  made  for  chromatic  correction  of  atmospheric 
chromate  aberration  (dispersion)  as  a  function  of  zenith  angle.  Since  the  telescope 
rotates  during  operation,  a  provision  will  be  incorporated  to  counterrotate  the  chrom¬ 
atic  correction  in  order  to  maintain  adequate  correction. 

In  addition  to  the  chromatic  correction,  it  will  be  necessary  to  correct  telescope  point¬ 
ing  for  refraction  and  cumulative  errors  arising  from  mount  misalignment,  axis  non¬ 
orthogonality,  or  improper  drive  speed  of  the  right  ascension  axis.  All  corrections 
to  realign  the  telescope  so  that  the  star  image  remains  within  the  tracking  range  of 
the  SIS  will  be  performed  manually  at  appropriate  intervals.  Data  acquisition  will  be 
interrupted  during  these  correction  periods  because  of  the  likelihood  of  mechanical 
pointing  jitter  being  caused  by  the  chromatic  correction  drive  and,  especially,  by 
the  declination  drive.  With  this  method,  called  "open-loop,:  correction,  only  the  right 
ascension  (sidereal)  drive  runs  during  data  taking  periods.  As  discussed  later,  great 
care  is  taken  in  the  design  of  astronomical  telescope  to  make  disturbances  from  this 
source  insignificant. (see  Section  IV,  2,  c.) 

It  should  be  emphasized  that,  although  the  telescope  is  operated  "open- loop, "  the  star 
image  nevertheless,  is  "closed-loop"  tracked  by  the  SIS  at  all  times  following  star 
acquisition.  [  See  Section  IV,  2d  (2).  ]  Therefore,  there  is  no  need  for  continuous 
correction  of  telescope  pointing  errors  as  long  as  the  image  remains  within  the  tracking 
range  of  the  SIS.  However,  chromatic  correction  will  be  required  at  predetermined 
intervals. 

The  measurement  system  will  be  housed  in  a  12-ft-diam.  astrodome.  This  unit  can  be 
disassembled  to  permit  transport  from  site-to-site,  using  standard  moving  equipment 
and  without  requiring  special  wide-load  permission  for  use  on  roads  and  highways. 

The  telescope  will  be  removed  from  the  mount  before  transport  in  order  to  assure  that 
the  integrity  of  the  optical  system  is  maintained.  The  mount  will  be  partially  disas¬ 
sembled  to  prevent  bearing  damage  during  transport.  It  is  estimated  that  the  system 
can  be  set  up  in  two  days  at  a  prepared  site. 

(2)  Operational  Concept.  A  measurement  program  designed  to  provide  definitive  data 
on  atmospheric  transmission  characteristics  obviously  must  extend  over  a  peiiod  of 
many  months  in  order  to  take  account  of  all  major  weather  patterns  and  conditions 
that  can  occur  at  any  given  site.  It  is  essential,  therefore,  that  adequate  provision 
be  made  for  accommodating  the  field-site  crew,  not  only  during  data  acquisition  per¬ 
iods,  but  during  "in-between"  hours.  Because  of  this  consideration,  it  is  assumed 
that  test  sites  will  be  selected  at  which  year-round  living  accommodations  will  be 
available,  either  on  site,  or  within  driving  distance.  Established  observatory  sites 
have  obvious  advantages  in  this  connection.  Provision  has  been  made  for  pertinent 
site  survey  and  selection.  (See  Section  IV,  4.) 


Based  on  the  assumption  that  sites  at  established  observatories  will  be  selected,  the 
further  assumption  is  made  that  electrical  power  adequate  to  operate  the  measurement 
system  will  be  available,  i.e. ,  that  a  portable  power  source  will  not  be  needed.  Power 
requirements  are  assumed  to  include  those  needed  for  air-conditioning  -  primarily 
heating,  but  also  air  cooling  if  required,  for  example,  for  a  low  altitude  site. 

Transport  of  the  measurement  system  will  be  accomplished  with  the  help  of  contract 
moving  services.  The  radome  will  be  transported  in  a  conventional  moving  van  or  other 
suitable  vehicle.  The  equipment  van  will  be  hauled  by  means  of  a  tractor  supplied  by  the 
moving  contractor.  Field  personnel  will  have  available  at  all  times  a  leased  utility  vehicle, 
such  as  a  small  van  or  station  wagon,  and  will  travel  from  site-to-site  in  that  vehicle. 

e.  Summary  of  Measurement  System  Performance  Characteristics 

The  major  performance  characteristics  of  the  Atmosphere  Transmission  Measurement 
(ATM)  system  can  be  summarized  as  follows: 
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Image  Acquisition  and  Tracking 

—  Day  and  night  operation 

—  Automatic  acquisition 

—  Maximum  acquisition  time: 

Full  field  of  view  (FOV)  —  105  sec 

Reduced  field  of  view  —  26  sec 

Tracking  loop  bandwidth  —  1  to  500  Hz  (selectable) 

Data  Sampling 

—  Image  sampling  time  -  0  to  35psec  (selectable) 

—  Background  sampling  time  —  2  psec 
Optics  (Cassegrain  type) 

—  Adjustable  focal  length  —  1084  in.  (2754  cm)  to  136  in.  (344  cm)  (selectable) 

—  Adjustable  diameter  —  8 . 15  in.  (20.71  cm)  to  0.68  in.  (1.7  cm)  (selectable) 

—  Adjustable  chromatic  correction 

Field  of  View  (function  of  telescope  focal  length) 

—  Acquisition  field  of  view 

Full  field  —  0;  7  to  6  mrad 
Reduced  field  —  0. 35  to  3  mrad 

—  Instantaneous  field  of  view  (IFOV) 

3. 1  to  25  prad  diam. 

Tracking  Precision  of  SIS  (random  error) 

—  ^0.125  IFOV15  (1-  a)  for  first- magnitude  star  when  using  20-cm  telescope 
aperture  and  a  250- Hz  tracking  bandwidth,  or  500-Hz  bandwidth  for  a 
zero  magnitude  star 

Telescope  Pointing  Accuracy16 

—  Ten  percent  of  full  acquisition  field 


15 

For  the  tracking  system  used,  this  precision  is  approximately  equal  to  an  rms  noise 
equivalent  angle  (NEA)  referred  to  object  space  of  0. 1  A/d,  where  D  is  the  diameter 
of  the  primary  aperture. 

16Theonly  requirement  on  telescope  pointing  accuracy  is  that  the  star  image  remain  well 
within  the  quality  FOV.  The  latter  is  at  least  as  large  as  the  full  acquisition  field 
specified  above  for  the  Cassegrainian  telescope  selected.  (See  Section  IV,  2,  b.) 
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•  Computing  and  Data  Analysis  Subsystem 

—  Generation  of  telescope  pointing  commands  for  measurement  initiation 
—  Assistance  to  system  operator  in  maintaining  proper  instrument  settings 
during  measurement 

—  Processing  and  digital  recording  of  star  image  measurement  data 
during  measurement 

—  Provision  at  quick-look  on-line  analysis  and  display  of  selected 
measurement  data 

—  Performance  at  off-line  analysis  of  all  measurement  data  within  8  hr 

•  Operation 

-  Transportable 

—  Short  setup  and  teardown  time  (2  days  each) 

—  Output  data  synchronized  to  data  recording  and  processing  equipment 
f.  Measurement  System  Design  Study  Approach 

As  initially  conceived,  the  measurement  system  was  to  be  a  combination  of  standard, 
well  developed  components  which,  at  most,  would  require  only  minor  modification. 
Minimizing  cost,  commensurate  with  achieving  major  objectives  of  the  program  also 
was  an  important  goal.  With  special  reference  to  the  latter  goal,  it  was  considered 
essential  that  the  design  be  one  capable  of  producing  data  with  a  validity  not  subject 
to  serious  question.  Otherwise,  the  ultimate  objective  of  making  measurements 
serving  to  verify  theoretical  system  design  concepts  and  provide  needed  design  data 
would  not  be  met.  This  consideration,  and  the  obvious  importance  of  pointing  jitter 
(Section  IV,  2,c.),  was  a  strong  influence  in  the  choice  of  a  high-quality  astronomical 
telescope  for  the  program,  rather  than,  for  example,  a  gimbal-mounted  telescope  of 
the  type  widely  used  for  satellite  tracking  cameras.  (Appreciable  tracking  jitter  can 
be  tolerated  in  a  satellite  tracking  camera  because  the  star  background  is  available 
as  a  direction  reference  for  data  reduction.  This  is  not  the  case  for  the  measurement 
system.) 

The  study  effort  can  be  divided  into  the  following  major  phases: 

Phase  1  Initial  concept  formulation  and  preliminary  definition  of  system  parameters 
Phase  2  Design  of  telescope  and  image- sensing  subsystems 
Phase  3  Design  of  data  recording  and  analysis  subsystem 

As  previously  indicated  in  Section  I,  the  Phase  1  effort  was  carried  out  primarily  by 
Dr.  D.  L.  Fried  of  Optical  Science  Consultants,  in  consultation  with  LMSC  and  ITT 
project  personnel;  the  work  on  Phase  2  was  performed  by  ITT-Gilfillan  under  a  sub¬ 
contract  from  LMSC;  and  the  Phase  3  work  on  the  design  study  was  carried  out  by 
Lr.  R.  D.  Merrill  of  the  LMSC  Information  Sciences  Laboratory. 

2  OPTICAL  SENSOR  DESIGN 

a.  Measurement  System  Overview 

(1)  System  Parameters.  The  fundamental  system  parameters,  which  are  germain 
to  this  effort  and  which  were  used  as  the  basis  for  developing  hardware  concepts  were 
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derived  by  Optical  Science  Consultants  (Appendix  V).  These  may  be  summarized  as 
follows : 


•  Pinhole  radius 

•  Telescope  f-namber 


0.0017  in. 
f/200  to  f/133 

•  Telescope  effective  diameter  8. 15  in.  (20.71  cm)  to  0.68  in.  (1.722  cm), 

no  central  obscuration 
1084  in.  (2754  cm)  to  136  in.  (344  cm)  in 
seven  steps  if  zoom  system  is  not  used 
2.  5  p rad  (f/133) 

<0.75  /trad  (includes  saggital  coma  and 
atmospheric  dispersion)  -30  percent  of 
diffraction  limit 

Maximum  practical  reduction  of  stray 
radiation 

40,000  measurements/sec  (all  channels) 
0.4  to  0. 6  n 


•  Telescope  focal  length 

•  Diffraction  limit 

•  All  other  aberrations 


•  Baffles 

•  Target  sample  rate 

•  Spectral  range 


Additional  system  parameters  have  been  developed  in  the  course  of  the  study  and  will 
be  discussed  in  other  sections  of  this  document. 

(2)  Functional  Description  of  System.  A  general  functional  description  of  the  system 
is  presented  in  this  section.  Figure  39  shows  the  major  system  elements. 
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Figure  39  Major  Elements  of  Measurement  System  -  Functional  Block  Diagram 
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In  order  to  simplify  the  mechanical  design  of  the  mount  and  the  electronic  interfaces, 
many  of  the  operational  adjustments  and  settings  will  be  performed  manually  by  the 
operator.  Prior  to  the  star*  of  a  measurement  run,  the  operator  will  set  the  focal 
length  and  effective  diameter  of  the  telescope,  and  enter  these  settings  into  the  data 
recording  system  via  a  keyboard.  From  computer  generated  information,  he  will 
adjust  the  magnitude  and  direction  of  the  chromatic  correction  control  for  the  partic¬ 
ular  star  to  be  tracked.  The  computer  will  also  provide  the  operator  with  pointing 
information  (i.e. ,  right  ascension  and  declination  angle)  which  he  will  manually  enter 
into  the  telescope  mount.  The  data  processing  system  will  compute  this  information  on 
the  basis  of  star  position  information  and  will  make  corrections  for  atmospheric 
refraction. 

With  the  tracker  turned  on,  a  star  should  be  acquired  within  26  sec.  The  star  acquired 
will  be  somewhere  off-axis,  and  the  operator  will  make  appropriate  corrections  to  the 
right  ascension  and  declination  angles  to  bring  the  target  close  to  the  optical  boresight. 
This  is  the  same  procedure  that  is  commonly  used  for  all  astronomical  telescopes.  The 
controls  will  have  three  sensitivity  settings  to  facilitate  adjustment,  namely,  6  deg/sec, 

2  min/sec,  and  3  sec/sec.  The  operator  will  then  check  to  determine  that  the  level  of 
the  video  output  is  consistent  with  the  brightness  of  the  star  selected.  When  the  operator 
observes  that  the  system  is  tracking  properly,  he  will  depress  the  Data  Valid  button, 
thereby  permitting  the  data  processing  system  to  record  the  appropriate  signals  from  the 
star  image  sensor.  When  a  star  is  being  tracked,  no  further  operator  intervention  is 
necessary.  Should  the  tracker  lose  its  target,  the  data  valid  signal  will  change  its  state 
so  that  the  computer  knows  that  any  subsequent  data  is  not  valid.  The  operator,  dui'ing 
the  acquisition  process  or  re- acquisition  (should  the  target  be  momentax'ily  lost),  can 
select  either  the  full  or  half  of  the  search  field  for  acquisition  or  re- acquisition.  It  may 
be  necessary,  a*  approximately  5-min  intervals,  to  adjust  the  chromatic  correction 
(because  of  telescope  rotation  and  elevation  angle  changes)  and  the  mount  axes  if  the  tar¬ 
get  is  not  close  to  boresight.  Telescope  rotation  and  elevation  angle  needed  for  this 
adjustment  will  be  computed  by  the  data  processor.  The  performance  of  these  adjust¬ 
ments  should  take  no  longer  than  1  min,  during  which  period  data  will  not  be  collected. 
During  operation,  a  display  console  will  present  the  data  that  are  being  sent  to  the  data 
processing  system.  As  a  consequence,  the  operator  will  always  be  able  to  monitor  all 
of  the  pertinent  system  outputs  and  perform  any  necessary  remedial  action,  should 
problems  occur. 

On  being  moved  from  site  to  site,  the  system  will  be  disassembled  by  removal  of  the 
telescope  from  its  mount  and  disassembly  of  the  mount  to  avoid  a  load  on  the  bearings. 
The  astrodome  will  be  capable  of  being  disassembled  so  that  each  of  the  pieces  can  be 
transported  using  common  commercial  carriers  without  wide-Ioad  restrictions.  The 
other  components  of  r.he  system  are  reasonably  small  and  are  easily  transported  in  an 
equipment  van.  The  reverse  procedure  will  be  performed  to  assemble  the  system  at 
the  new  site. 

Some  preparation  is  necessary  before  a  site  can  be  used.  This  includes  construction  of 
a  concrete  pier  to  support  the  telescope  mount.  Mounting  provisions  for  the  telescope 
mount  will  be  imbedded  in  the  concrete  and  designed  to  provide  the  proper  base  angle 
for  the  particular  latitude  of  the  site.  The  system  will  be  completely  self-contained 
except  for  the  input  raw  power  and  air-conditioning  to  be  supplied  from  a  separate 
portable  unit  or  through  a  duct  from  a  van. 
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b.  Telescope 


(1)  General  Considerations  for  Telescope  Selection.  The  basic  optical  parameters  for 
the  telescope  are  outlined  in  Section  IV,  2,  a,  (1).  In  addition  to  the  functional  require¬ 
ments,  operational  requirements  must  also  be  considered.  These  factors  include  size, 
weight,  ease  of  alignment,  stability,  and  cost.  With  the  constraints  of  the  functional 
and  operational  considerations,  various  telescope  configurations  were  evaluated  for 
possible  use  in  the  measurement  system. 

The  first  optical  system  considered  was  a  refractive  telescope.  The  advantages  of  this 
type  include: 

•  No  obscuration 

•  Ability  to  seal  the  telescope  tube  to  avoid  air  turbulence  which  could 
generate  erroneous  measurements 

•  Minimum  diameter 

The  major  disadvantage  to  this  optical  system  is  the  cost  of  the  optics.  It  is  quite 
difficult  to  obtain  for  the  first  element  an  8-in.  blank  that  is  of  sufficiently  high  qual¬ 
ity  for  a  diffraction-limited  system.  Several  estimates  for  this  first  element  were 
generated  in  the  course  of  discussions  with  various  optical  designers  and  suppliers. 
The  estimated  cost  for  the  glass  alone  range  between  $10,  000  and  $15, 000. 

The  other  choice  for  the  optical  system  consists  of  reflective  optics.  With  this  type, 
large-diameter  mirror  surfaces  can  be  ground  to  a  very  high  degree  of  precision,  as 
evidenced  by  the  variety  of  diffraction-limited  astronomical  telescopes  available  as 
standard  products  at  reasonable  cost  for  a  complete  telescope.  The  conventional 
reflective  telescope  has  a  central  obscuration  which  would  be  objectionable  in  this 
application  because  of  its  effect  on  antenna  gain.  Use  of  an  off-axis  optical  system 
which  does  not  have  a  central  obscuration  therefore  was  considered. 

Since  an  off-axis  optical  system  is  actually  a  section  of  a  conventional  symmetrical 
telescope, the  question  arises  as  to  whether  there  is  an  advantage  to  an  off-axis  system 
compared  to  the  use  of  an  off-axis  portion  of  a  larger  (16-in. )  telescope.  The  obvious 
advantages  of  an  off-axis  system  are  minimum  size  and  weight;  however,  an  off-axis 
system  of  a  given  size  will  be  more  costly  because  the  primary  mirror  is  from  a  large 
source  mirror, so  that  additional  work  is  involved.  Standard  telescope  mounts  are 
usually  designed  to  carry  reasonably  large  loads  so  that  weight  is  not  a  major  factor. 
Unless  a  specially  designed  mount  were  to  be  considered,  there  is  no  benefit  gained 
by  reducing  size  and  weight  below  that  of  a  standard  16-in.  telescope.  It  was  there¬ 
fore  considered  appropriate  to  investigate  the  use  of  available  astronomical  telescopes 
rather  than  a  unique  design.  The  simple  paraboloidal  reflector,  e.  g. ,  Cassegrain, 
Schmidt-Cassegrain,  and  Ritchey- Cretian  designs,  were  considered. 
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(2)  Basic  Considerations  for  Telescope  Selection.  A  simple  parabola  design  has  the 
advantage  of  simplicity,  but  suffers  the  disadvantage  of  a  very  low-quality  field  of 
view.  It  is  desirable  to  have  as  large  a  quality-field-of-view  as  practically  possible 
in  order  to  simplify  atmospheric  refraction  corrections  and  to  increase  the  off-axis 
distance  a  star  can  be  tracked  for  valid  data.  These  considerations  will  be  discussed 
in  other  parts  of  this  section.  A  paraboloid  reflector  of  low  focal  ratio  falls  far  short 
of  providing  an  adequate  field  of  good  definition.  The  distance  L  off-axis  of  a  parab¬ 
oloid  at  which  the  comatic  image  reaches  a  size  C  is  given  by  the  following  equation, 
in  which  F  is  the  focal  ratio: 

T  16  F2C 


At  a  focal  ratio  of  F  =  3,  L  =  133 C,  therefore,  the  diameter  of  the  field  over  which 
the  comatic  image  has  a  size  under  0.75  prad  is  only  0. 1  mi'ad.  This  field  is 
unacceptably  small.  (See  Section  IV,  1,  e.) 

The  Schmidt  system  makes  use  of  a  thin  glass  plate  figured  aspherically  to  correct 
all  orders  of  spherical  aberration  st  the  stop  at  the  center  of  the  curvature  of  the 
mirror.  The  theory  and  residual  aberrations  of  the  Schmidt  camera  have  been  treated 
extensively  by  Stromgren,  Caratheodory,  Bouwers,  Linfoot,  and  Bowen.  (References 
9  through  13,  respectively)  Near  the  axis,  the  chief  aberration  arises  from  the 
chromatic  aberration  of  the  corrector  plate,  which  is  normally  made  of  one  material, 
either  crown  glass  or  fused  silica.  There  is  some  question  as  to  the  ability  of  the  cor¬ 
rector  plate  to  maintain  its  integrity  in  operational  uses,  even  though  the  corrector 
plate  contains  a  rather  mild  correction.  Another  disadvantage  of  the  Schmidt  camera 
is  that  it  requires  a  longer  tube  than  the  Cassegrain  or  Ritchey-Cretian  types. 

The  Ritchey-Cretian  system  is  somewhat  better  corrected  than  a  Cassegrain.  How¬ 
ever,  like  the  Cassegrain,  the  Ritchey-Cretian  has  field  curvature  and  astigmatism 
which,  when  spherical  aberration  and  coma  have  been  eliminated,  become  the  domi¬ 
nant  aberrations.  It  also  suffers  the  need  for  very  precise  alignment  in  order  to 
maintain  its  performance.  This  could  present  a  problem  for  field  operation. 

The  Cassegrain  system  is  reasonably  simple  and  many  standard  designs  exist. 

The  coma  of  a  two-mirror  Cassegrain  system  may  be  calculated  as  follows:  Assume 
that  the  primary  mirror  is  a  surface  of  revolution,  the  radius  of  curvature  of  whose 
intersection  with  a  plane  through  optic  axis  is  given  by  the  following  equation  for  a 
point  at  a  distance  y  from  the  axis: 

R  =  2f^  +  2L j 

The  focal  length  of  the  primary  is  f  ,  and  a;  is  a  constant.  The  secondary  is  given 
the  figure  that  eliminates  spherical  aberration  at  the  Cassegrain  focus.  The  maximum 
dimension  C  of  the  comatic  image  at  a  distance  L  from  the  axis  of  such  a  Cassegrain 
system  is  given  to  a  first  approximation  by 
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The  focal  ratio  of  the  primary  is  F;  for  the  Cassegrain,  system  it  is  mF  .  The  dis¬ 
tance  between  the  focus  of  the  primary  and  of  the  Cassegrain  system  divided  by  the 
focal  length  of  the  primary  is  K  .  The  value  of  K  is  normally  slightly  larger  than  1, 
except  in  the  case  of  the  coude'  focus, where  it  may  be  as  large  as  2  or  3. 

For  a  spherical  primary,  a  is  G.  For  a  paraboloid  primary,  a  is  3/8,  and  the  last 
term  vanishes.  In  the  latter  case,  the  expression  for  the  coma  of  a  Cassegrain  system 
with  a  paraboloid  primary  of  focal  ratio  F  is  the  same  as  that  for  a  paraboloid  alone  with 
a  focal  ratio  mF;  that  is: 

C  _  3 

L  16  m2  F2 

A  16- in.  Cassegrain  system  (Boiler  and  Chivens  Division,  Perkin-Elmer  Company)  is 
available  which  has  an  f/3  primary  mirror  and  a  system  f- number  of  60.  The  size  of 
the  comatic  image  (sagittal  coma)  for  the  full  mirror  is  L  x  5.2  x  10” 5  prad.  The 
nominal  focal  length  of  this  Cassegrain  is  2400  cm  and,  at  this  focal  length,  the  farthest 
point  from  the  center  of  the  SIS  field-of-view  is  approximately  0.3  x  10~3  radians. 
Correspondingly,  the  size  of  the  comatic  image  at  the  edge  of  the  field-of-view  is 
0.0016  prad,  which  is  considerably  smaller  than  the  size  of  the  diffraction-limited 
image  («  1.2  prad).  For  an  8-in-diam.  portion  of  the  primary  mirror  and  for  different 
focal  lengths,  the  comatic  aberration  will  be  even  smaller  and,  therefore,  small  com¬ 
pared  to  the  diffraction-limited  focal  spot  size  (2.5  prad).  Therefore,  tracking  need 
not  be  restricted  to  boresight  or  near  boresight;  this  is  a  significant  advantage. 

The  combined  rms  wave-front  distortion  for  both  mirror  surfaces  of  ti.e  telescope  being 
considered  is  A/10  for  the  full  16-in.  diameter.  For  any  8-in.  diameter,  the  wave- 
front  distortion  will  obviously  be  considerably  smaller. 

The  approach  of  using  a  16-in.  -diam.  standard  astronomical  reflector,  and  masking 
all  but  an  8-in.  diameter,  is  considered  to  be  feasible.  Some  modifications  to  the 
standard  unit  will  be  necessary  to  provide  a  variable  focal  length  and  effective  diameter, 
chromatic  aberration  correction  (including  telescope  rotation),  and  baffling.  Figure  40 
illustrates  the  tx  lescope  configuration. 


Figure  40  Optical  System  —  Schematic 
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Since  the  primary  portion  of  the  mirror  used  is  half  the  size  of  the  mirror,  the 
secondary  mirror  protrudes  into  the  entrance  aperture.  This  is  of  possible  signifi¬ 
cance  only  when  the  system  is  used  with  its  full  8-in.  diameter  aperture,  and  even 
then  is  of  only  minor  importance  so  far  as  its  effect  on  antenna  gain.  The  obscura¬ 
tion  could  be  avoided  by  using  a  primary  mirror  18  inches  in  diameter,  but  this  size 
is  not  a  standard  design. 

(3)  Description  of  the  Optical  System.  Tracing  the  light  through  the  optical  chain  shown 
in  Figure  40,  it  can  be  seen  that,  after  the  folding  mirror,  the  light  is  brought  to  focus 
at  the  field  stop.  The  field  stop  is  iixed  for  the  maximum  field  of  view.  The  light  pass¬ 
ing  through  the  field  stop  is  collected  by  a  microscope  objective  and  thereby  collimated. 
The  field  stop  and  all  the  optical  components  behind  it  will  be  aligned  to  the  optical  axis 
of  tne  unmasked  area  of  the  primary  mirror,  not  the  entire  16-inch  mirror.  The  colli¬ 
mated  light  then  passes  into  the  chromatic  elements  box.  Chromatic  correction  is 
necessary  since  the  incoming  beam  will  have  different  propagation  directions  for  the 
various  wavelengths  in  the  spectrum.  Ti  e  function  of  the  chromatic  elements  is  to 
assure  that  tho  beam  is  collimated  for  all  wavelengths  of  interest.  This  is  discussed 

in  greater  detail  in  Section  IV,  2,  b,  (4).  This  box  contains  the  bandpass  filter  which 
limits  the  spectral  range  of  the  signal  to  the  0.4  to  0.  6  n  spectral  range.  It  also  con¬ 
tains  a  pair  of  prisms  designed  to  compensate  for  the  chromatic  dispersion  of  the 
atmosphere. 

The  light  leaves  the  chromatic  element  box,  still  collimated,  and  enters  the  variable 
magnification  unit.  The  variable  magnification  unit  contains  a  seven-position  magni¬ 
fier  wheel.  Each  of  the  positions  (except  the  IX  position,  which  is  empty)  contains  a 
pair  of  microscope  objectives  arranged  nose-to-nose  and  adjusted  so  that  a  collimated 
beam  entering  (the  rear  of)  one  lens  leaves  the  (rear  of  the)  other  in  a  collimated  con¬ 
dition,  but  having  been  subjected  to  an  MX  magnification.  By  rotating  the  wheel,  the 
beam  can  be  made  to  pass  through  different  pairs  and  receive  different  magnifications. 

It  is  important  to  note  that,  because  the  beam  entering  and  leaving  the  magnification 
unit  is  collimated,  there  is  no  tight  tolerance  on  the  positioning  of  the  magnification 
optics  in  the  beam.  The  only  serious  tolerance  concerns  the  alignment  of  the  pair  of 
microscope  objectives  with  respect  to  each  other.  Placement  in  the  beam  has  a 
tolerance  of  thousandths  of  an  inch  rather  than  a  fraction  of  a  micron.  After  leaving 
the  magnification  unit,  the  beam  falls  on  a  lens  which  focuses  the  collimated  beam 
onto  the  photocathode  of  the  SIS. 

The  first  elements  in  the  optical  train  are  actually  the  irises  —  one  just  in  front  of  the 
primary  mirror  and  one  at  the  front  of  the  telescope  tube.  Each  iris  is  adjustable 
over  the  range  of  2-  to  20-cm  diameter  from  a  fixed  central  point,  with  the  two  ad¬ 
justed  in  synchronism,  except  that  the  rear  iris  is  taken  as  the  defining  aperture.  It 
is  necessary  that  the  opening  of  the  forward  iris  be  slightly  greater  than  that  of  the 
rear  iris.  The  function  of  the  forward  iris  is  to  cut  down  on  stray  radiation.  Its 
placement  is  dictated  by  the  requirement  that  it  be  forward  of  the  folding  mirror  so 
that  it  will  not  block  the  converging  beam  coming  from  the  primary  mirror. 

(4)  Correction  of  Atmospheric  Aberrations.  In  using  the  Cassegrain  system,  there 
are  no  difficulties  in  operating  over  the  entire  field  of  view  of  the  tracker  a°:  far  as 
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sagittal  coma  is  concerned,  as  already  indicated.  The  major  aberration  of  concern  is 
that  due  to  dispersion  of  the  atmosphere.  Because  of  the  very  high  angular  resolution 
involved  in  the  measurements,  atmospheric  dispersion  can  be  significant  as  an  aberration 

*  mechanism.  Over  the  operational  spectral  band  from  A  =  4000  A  to  A  =  6000  A  ,  the 
atmosphere  refractive  index  varies  from  n  =  1  +  298.  1  x  10"^  at  A  =  4000  A  to 

n  =  1  +  291.9  x  io~®  at  A  =  6000  .A>  a  difference  in  refractive  index  of  dn  =  6.2  x  10“^). 
It  can  be  shown  that  for  a  star  at  zenith  angle  0  ,  its  apparent  position  will  be  spread 
over  the  angular  range  of  d  0  due  to  this  spread  in  refractive  index  given  by 

d0  =  -  tan  0  «  -  dn  tan  0 

If  a  spread  of  2.5  x  10  radians  is  allowed  (which  is  obviously  excessive  for  the  20- 
cm-diam.  aperture  and  is  possiblv  too  much  even  when  working  with  a  5-cm-diam. 
aperture),  the  zenith  angles  would  then  be  restricted  to  23  deg  or  less.  If  as  much  as 
5  x  io~«  radian  dispersion,  could  be  allowed,  there  would  still  be  a  restriction  to 
zenith  angles  of  less  than  40  deg;  this  is  still  an  excessive  limitation. 

For  this  reason,  the  chromatic  dispersion  compensating  prism  pair  mentioned  pre¬ 
viously  have  been  incorporated  into  the  chromatic  element  box  of  the  optical  train. 

This  consists  of  two  pairs  of  prisms  with  very  small  wedge  angles,  —  one  pair  of 
crown  and  one  pair  of  flint  glass.  (The  important  factor  in  the  choice  of  glass  is 
that  different  types  have  different  dispersions. )  By  rotating  the  two  wedges  of  one 
type  of  glass  about  the  beam  direction,  it  is  possible  to  adjust  the  effective  wedge 
f  angle  and  thereby  the  chromatic  dispersion  introduced  by  the  pair.  With  a  proper 

setting  of  the  two  pairs  of  wedges  with  respect  to  each  other  and  in  terms  of  each  of 
their  effective  angles,  it  is  then  possible  to  introduce  a  negatively  oriented  chromatic 
dispersion  that  will  just  cancel  the  effect  of  the  atmospheric  dispersion.  These  angles 
%  can  be  adjusted  to  allow  cancellation  at  any  zenith  angle. 

The  prism  pair  will  deviate  the  light  bundle  from  the  optical  axis.  However,  this 
deviation  will  be  less  than  ±0. 1  mrad  (with  respect  to  object  space)  and  is  small 
enough  to  be  inconsequential.  A  single-prism  pair  will  be  adequate. 

During  normal  target  tracking,  the  telescope  tube  rotates  about  its  own  axis  relative 
to  a  local  gravity  gradient.  This  angle,  denoted  by  R  ,  is  calculated  in  Appendix  VII 
in  terms  of  declination  and  right  ascension  angles.  The  method  used  for  chromatic 
correction  will  obviously  require  a  fixed  orientation  with  respect  to  an  earth  reference. 
Therefore,  the  chromatic  corrector  will  require  two  inputs  —  one  for  the  zenith  angle 
and  the  second  for  telescope  rotation.  Both  will  be  entered  manually,  during  a  period 
of  time  when  data  are  not  being  corrected.  Very  little  correction  time  will  be  lost  since 
it  will  take  only  about  1  min  to  make  these  corrections.  The  rationale  for  this  approach 
is  discussed  in  Section  IV, 2, c.  The  chromatic  correction  input  will  be  calibrated  in  dn 
and  will  have  a  range  of  0  to  6.2  x  10“ It  may,  however,  be  more  convenient  to  cali¬ 
brate  the  dial  in  elevation  angle.  The  telescope  rotation  input  will  be  calibrated  in 

*  degrees  for  a  range  of  0  to  360. 
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c.  Telescope  Mount  and  Astrodome 


(1)  Basic  Considerations  for  Mount  Selection,  A  sidereal  mount  is  required  i or  the 
telescope  in  order  to  facilitate  star  tracking.  Since  the  objective  c-f  the  measurements 
made  by  the  equipment  is  to  dei  ermine  atmospheric  scintillation  precisely,  the  mount 
cannot  be  allowed  to  introduce  mechanical  vibration  in  the  frequency  range  of  interest. 
Beam  wander  is  not  a  problem  because  the  SIS  will  be  able  tc  track  image  motion. 

Peak  scintillation  frequencies  between  20  and  30  Hz  are  anticipated,  and  significant 
components  can  be  expected  to  extend  over  the  range  of  2  to  100  Hz.  Extraneous 
mechanical  inputs  in  the  latter  frequency  "ange  cannot  therefore  be  tolerated  without 
the  possibility  of  invalidating  the  measurement  data.  The  iFOV  of  the  SIS  will  be  be¬ 
tween  0.3  and  3  are-see,  depending  on  the  telescope  focal  length  selected.  The  rms 
value  of  all  the  t»v.r,sm’tted  extraneous  mechanical  frequencies  summed  over  the  range 
of  2  to  100  Hz  therefore  snould  be  less  than  0. 1  arc- sec  so  as  to  avoid  degrading  the 
tracking  precision  of  the  system. 

Various  manufacturers  of  professional  astronomical  telescope  mounts  were  contacted 
in  order  to  ascertain  the  performance  of  their  product  relative  to  the  vibration  trans¬ 
mitted  through  the  mount  to  the  telescope.  Unfortunately,  little  definitive  information 
is  available  concerning  mechanical  noise  over  the  frequency  spectrum  of  concern.  The 
mount  manufacturers  were  able  to  present  star  field  photographs  taken  with  long  ex¬ 
posures  that  do  not  show  image  motion.  These  photographs  are  relatively  insensitive 
to  high  frequency  motion  because  of  the  long  integration  time  of  the  photographic  ex¬ 
posure,  but  they  would  be  expected  to  show  effects  of  low-frequency  disturbances. 

Since  it  is  fairly  evident  that  there  are  no  low  frequency  components  in  the  mount  of 
sufficient  amplitude  to  be  objectionable,  it  may  be  conjectured,  in  view  of  the  mass 
of  the  mount,  that  there  are  no  higher  frequencies  as  well.  The  photographic  data  pre¬ 
sented  by  the  suppliers  are  not  sufficiently  conclusive  to  remove  all  doubt  concerning 
the  performance  of  the  various  mounts  but  are  adequate  to  establish  a  reasonable  ex¬ 
pectation  that  the  mechanical  noise  experienced  in  operation  will  be  acceptably  small. 

Because  of  the  many  sidereal  mounts  available  or  which  to  make  measurements,  the 
possibility  of  determining  mechanical  noise  experimentally  was  considered.  The 
sensitivity  of  the  accaleromeiers  required  for  such  a  measurement  was  calculated 
and  found  to  be  on  the  order  of  0.  003  g.  This  was  based  on  achieving  a  measurement 
of  0. 1  arc-sec  at  the  end  of  a  24-in.  arm.  Although  accelerometers  capable  of  this 
sensitivity  are  available,  the  work  attendent  to  procurement,  and  complexity  of  per¬ 
forming  the  measurements  were  considered  as  involving  too  extensive  an  effort  for 
the  scope  of  this  study. 

It  was  considered  inappropriate  to  specify  a  mount  that  would  have  to  be  designed  and 
manufactured  to  particular  specifications,  since  it  would  differ  from  a  standard  unit 
only  with  respect  to  mechanical  noise.  Reliable  manufacturers  already  use  techni¬ 
ques  for  minlmi/ang  mechanical  noise  as  part  of  their  design.  These  techniques  mclude 
large  spring-loaded  drive  gears,  precision  gears,  best  available  bearings,  and  large 
masses.  Manufacturers  have  utilized  these  approaches  because  freedom  fi’om  mechanical 
vibration  is  of  major  concern  to  professional  astronomers  who  are  the  main  users  of 
these  mounts.  As  a  consequence,  none  of  the  manufacture!  s  of  quality  mounts  that  were 
contacted  was  able  to  offer  any  assurance  that  significant  reduction  in  vibration  levels 
(from  the  already  low  levels)  could  be  achieved  without  a  major  development  program. 

In  view  of  this  situation,  it  is  believed  that,  rather  than  emphasizing  design  improvement, 
the  greatest  payoff  would  result  from  concentrating  on  choosing  the  best  available  mount. 
For  this  purpose,  the  manufacturer's  background  and  length  of  experience  were  given 
considerable  weight.  In  addition,  the  following  design  features  were  considered 


important  to  assure  acceptable  performance: 

•  iT-it  Mass.  The  greater  the  weight,  the  less  likely  the  transmission 
of  mechanical  vibration  to  the  telescope 

•  Large  Main  Gear  Drive.  Should  lower  the  vibration  frequency 

•  Preloaded  Gears.  Considered  an  important  design  feature 

Based  on  these  considexations,  the  16-in.  sidereal  mount  manufactured  by  BoUer  & 
Chivens  (division  of  Perkin- Elmer)  was  selected.  A  data  sheet  describing  this  mount 
is  included  as  Figure  41. 

(2)  Consideration  of  Additional  Noise  Sources.  Although  great  care  is  exercised  in 
attempting  to  assure  a  smooth  drive  along  the  right  ascension  angle  axis,  the  declination 
axis  is  not  as  well  designed.  The  reason  for  this  is  found  in  examining  the  mechanical 
configuration  of  a  sidereal  mount,  where  it  can  be  seen  that  it  would  be  difficult  to  de¬ 
sign  the  declination  axis  to  achieve  the  same  smoothness  of  motion  as  the  right  ascen¬ 
sion  axis.  Some  mechanical  noise  can  be  expected  if  the  declination  angle  is  changed 
during  star  tracking.  Another  possible  source  of  noise  can  be  expected  from  the  chrom¬ 
atic  corrector,  which  has  two  adjustments  (the  magnitude  and  direction  of  the  chromatic 
correction)  if  corrections  are  made  during  the  track  mode.  Still  anotner  possible  source 
of  noise,  although  of  a  lower  magnitude,  can  result  from  correcting  the  sidereal  rate 
during  target  tracking.  On  the  basis  of  mount  manufacturer's  data  and  field  experience, 
once  the  mount  has  been  properly  aligned,  the  open-loop  tracking  accuracy  is  expected 
to  be  within  5  arc- sec  over  a  tracking  period  of  at  least  1  hr. 

(3)  Telescope  Operational  Considerations.  As  a  result  of  examining  the  various  sources 
of  noise,  it  appears  evident  that  it  is  desirable  not  to  change  the  sidereal  rate,  declina¬ 
tion  angle,  or  the  chromatic  correction  during  the  time  data  are  being  collected.  The 
sidereal  mount  is  sufficiently  accurate  in  the  open  loop  mode  so  that  no  corrections  are 
necessary  in  the  rate  or  the  declination  angle  for  periods  up  to  an  hour  of  tracking.  How¬ 
ever,  chromatic  corrections  are  necessary  more  frequently  because  of  changes  in  eleva¬ 
tion  and  telescope  rotation.  Computations  (presented  in  Section  IV,  2,  e)  indicate  that  the 
minimum  time  between  corrections  under  worst  case  conditions  (assumed  previously) 

is  5  min.  It  is  assumed  acceptable  to  interrupt  data  for  approximately  1  min  to  make 
the  corrections  at  5- min  intervals.  The  baseline  approach  therefore  is  to  operate 
the  mount  and  chromatic  correctors  on  an  open- loop  basis.  The  required  chromatic 
corrector  adjustments  will  be  supplied  by  the  computer.  The  operator  will  correct 
the  mount  manually  when  necessary  to  bring  the  target  to  boresig’nt. 

The  base  angle  of  the  mount  is  selected  for  the  latitude  of  the  site  where  observations 
are  to  Ke  made.  Since  measurements  are  planned  for  a  variety  of  sites,  adjustments 
must  be  provided  in  the  mount  for  this  variation.  It  is  expected  that  measurements 
will  be  made  within  a  500-mi  distance  so  that  the  difference  in  the  base  angle  is  reason¬ 
ably  small  (approximately  7  deg).  Different  sole  plates  for  mounting  will  have  to  be 
procured  compatible  with  the  different  locations.  In  addition,  the  mount  will  be  pro¬ 
vided  with  fine  adjustments. 
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BOLLER  &  CHIVENS 

16- INCH  CASSEGRAIN  REFLECTOR 


DIMENSIONS 


CENTER  0?  DOM*  CURVATURE 
AND  CENTER  OF  TELESCOPE  ROTATION 


4*-6m 

MM  MUM  CLEARANCE 
RADIUS 


MINIMUM  PIER  DIMENSIONS 


42"  - 


36”  INSTRUMENT  SPACE 


2°  CONDUIT 
FURNISHED  BV  CUSTOMER 


12"  ANCHORS 


44"  APPROX 


VARIES  WITH  LATITUDE 


H»  fe 

i  J& 


SOLE  ELATE 


FURNISHED  BV  BOLLER  t  CHIVENS 
M  ADVANCE  OF  TELESCOPE  OELIVERY 
AHO  INSTALLED  BY  CUSTOMER 


GENERAL  DESCRIPTION 

The  16-inch  Cassegrain  reflector,  smallest  of 
Boiler  &  Chivens  standard  line  of  professional 
observatory  instruments,  is  a  fine  primary  in¬ 
strument  for  the  small  observatory.  It  also  finds 
extersive  use  in  major  observatories  in  relieving 
the  -vork  load  ef  larger  telescopes.  The  totally 
enclosed  mount  is  designed  for  maximum  rigidity. 
The  polar  axle’s  thick-walled  cone  shape  and 
wide  bearing  spacing  give  an  extremely  stiff 
support.  Adjusting  the  controls  of  accessory,  in¬ 
struments  does  not  affect  the  telescope  pointing. 
The  base  is  custom-fabricated  for  each  location 
to  provide  the  correct  polar  axis  inclination.  Con¬ 
venient  provisions  for  adjusting  the  base  in  azi¬ 
muth  and  elevation  are  built  in. 


The  primary  worm  of  either  drive  can  be 
partially  disengaged  for  sensing  balance  after 
instruments  are  changed.  Balance  about  the 
declination  axis  is  achieved  by  moving  the  entire 
telescope  tube  parallel  to  the  optical  axis.  Built- 
in  pivoted  counterweights  balance  the  telescope 
about  the  polar  axis.  Individual  weights  at  the 
mirror  cell  permit  balancing  unsymmetrical  in¬ 
struments. 

The  primary  mirror  is  mounted  on  a  rigid 
central  support  of  proven  design,  with  provisions 
for  centering  and  tilting.  The  secondary  mirror 
also  has  centering  and  tilting  adjustments,  and 
has  motor-driven  focusing  to  move  the  final  focus 
through  a  range  of  16  inches  along  the  optical  axis. 


Figure  41  Cassegrain  Reflector  Telescope  Mount  -  Supplier  Specifications 
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The  right  ascension  and  declination  drives  arc 
completely  powered  by  electric  motors  The 
tracking  drive  is  powered  by  a  synchronous 
motor,  driving  through  a  gear  train  to  give  cor* 
rcct  sidereal  rate.  Maximum  tracking  accuracy 
is  assured  by  the  use  of  a  large,  high-precision 
worm  gear,  prcloaded  with  an  elcctrir  torque 
motor.  The  telescope  is  prewired  for  connecting 
an  optional  external  variable-frequency  power 
supply  to  the  tracking  motor. 

OPTICAL  SPECIFICATIONS 


All  drive  components,  gears,  bearings  and  elec¬ 
trical  wiring  are  completely  enclosed.  A  junction 
box  on  the  telescope  tube  has  outlets  for  115V 
AC  and  6.3V  AC  power  for  instrument  use. 

The  telescope  is  completely  assembled,  tested 
and  adjusted  at  the  factory.  Shipping  and  in¬ 
stallation  service  is  available  and  is  recom¬ 
mended. 

Boiler  &  Chivens  is  one  of  the  nation’s  leading 
manufacturers  of  large  astronomical  telescopes — 
from  16-inches  upward. 


PRIMARY  MIRROR 
SECONDARY  MIRROR 
CASSEGRAIN’  FOCAL  RATIO 
FIELD  SIZE 
FOCUSING 
OPTICAL  QUALITY 

MIRROR  COATINGS 

FINDER 


16-inch  clear  aperture  f/S  paraboloid,  Pyrex  or  equivalent 
4-inch  diameter  hyperboloid,  Pyrex  or  equivalent 
f/18,  optioned  f/13.5 
2.5-inch  diameter 

Electric  drive  at  secondary  mirror  ±  fa-inch  travel 

80%  o{  incident  light,  from  geometrical  considerations,  will  fall 

within  O.i  arc  seconds 

Aluminized  with  Silicon  Monoxide  overcoat;  optional  —  Silicon 

Dioxide,  Magnesium  Fluoride  or  no  overcoat 

4-inch  aperture  34 -inch  focal  length  with  illuminated  reticle 


MOUNT  SPECIFICATIONS  —  mount  available  with  or  without  telescope 


TYPE  OF  MOUNT 
SLEW  DRIVE  RATE 
SET  DRIVE  RATE 
GUIDE  DRIVE  RATE 
TRACKING  DRIVE  GEAR 
TRACKING  ACCURACY 

POSITION  READOUTS 

OPERATING  CONTROLS 
INSTRUMENT  MOUNTING 


POWER  REQUIREMENTS 
FINISHES 

SHIPPING  WEIGHT 


Equatorial,  off-axis 
6  degrees  per  second  of  time 

2  minutes  of  arc  per  second  of  time 

3  seconds  of  arc  per  second  of  time 
20-inch  diameter,  360  tooth,  preloaded 
2  arc  seconds  in  5  minutes 

6  arc  seconds  in  1  hour 

Illuminated  clock-type  dials;  right  ascension  to  10  seconds  of 

time,  hour  angle  to  i  minute  of  time,  declination  to  2  arc  minutes 

Hand  paddle  with  pushbuttons  for  slew,  set,  and  guide  motions 

Threaded  hole  pattern  to  accommodate  instruments  up  to  50  pounds 

in  weight  and  3  feet  in  length.  Additional  counlerw-’igt  ts  can  be 

provided  for  heavier  instruments 

115  volt.',  60  cps  at  10  amperes 

Exterior— durabie  av:  'motive  plastic  enamel 

Interior — optical  flat  blm-k  enamel 

3,500  pounds — with  telescope 


TYPICAL  OPTIONAL  FEATURES 

available  at  extra  cost 

Fused  Silica  Optics 

Ritchey -Chretien  Type  Optics 

Alternate  Focal  Ratios 

Continuously  Variable  Set-Guide  Rates 

Variable  Tracking  Rate  for  Planetary  and  Lunar  Rales 

Remote  Digital  Readouts 

Additional  Counterweights  for  Heavier  Instruments 


TYPICAL  OPTIONAL  EQUIPMENT 
availcMe  at  extra  cost 

Model  14753  3fa  x4fa  Plate  Holder  Camera 
with  or  without  shutter 
6-inch  aperture  f/JG  finder  te’escope 
4-inch  or  6-inch  f/lS  guide  telescope 
Direct  r-  ading  zenith  angle  indicator 
Instrument  rotator 
Spectrograph 


Figure  41  (Cont, ) 
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The  standard  telescope  mount  includes  a  readout  of  the  right  ascension  and  declination 
angles  that  .'ire  necessary  for  designating  the  telescope  to  a  star  in  order  to  achieve 
acquisition.  These  data  will  be  computed  in  the  data  processing  system  from  standard 
star  position  and  atmospheric  refraction  data.  With  the  exception  of  a  readout  of  the 
declination  and  right  ascension  angles,  no  other  data  interface  with  the  mount  is 
necessary. 

The  particular  mount  selected  can  be  disassembled  for  transportation  from  one  site  to 
another.  The  disassembly  and  reassembly  can  be  performed  in  one  day  each  and  re¬ 
quire  either  a  fork  lift  or  small  crane  for  lifting  the  parts.  It  is  desirable  to  disas¬ 
semble  the  mount  although  it  can  be  shipped  as  an  assembled  unit.  The  purpose  "or  dis¬ 
assembly  is  to  protect  the  main  bearings  from  damage  caused  by  shock  and  vibration 
during  transportation, which  could  result  in  the  generation  of  subsequent  mechanical 
noise.  The  added  time  and  cost  required  for  assembly  and  disassembly  are  con¬ 
sidered  worthwhile  to  achieve  confidence  in  the  integrity  of  the  mount. 

(4)  Detailed  Description  of  the  Telescope  Mount.  The  Bollei  &  Chivens  mount  has  been 
selected  during  the  execution  of  this  study.  However,  other  suppliers  should  be  inves¬ 
tigated  further  before  a  mount  is  ordered  so  as  to  confirm  the  initial  judgment.  The  fol¬ 
lowing  description  is  based  on  information  regarding  the  mount  that  was  received  from 
Boiler  &  Chivens. 

(a)  Structure.  The  mount  is  of  a  modern  single  pier,  off-axis  type.  It  is  designed  to 
support  the  basic  telescope  plus  instruments  projecting  up  to  36  in.  behind  the  Casse- 
gi  ain  instrument  mounting  surface  and  weighing  up  to  50  lb. 

(1)  Tube.  The  telescope  tube  supports  and  aligns  the  optical  components.  The 
shell  section  is  a  slightly  tapered  aluminum  cylinder.  It  supports  a  secondary  shell 

at.  the  upper  end  and  is  bolted  to  the  center  section  (saddle)  at  the  lower  end.  The  center 
section  consists  of  a  double-walled  aluminum  weldment  mounted  solidly  to  a  flange  pro¬ 
vided  on  the  end  of  the  declination  axle.  It  is  fastened  to  the  flange  in  such  a  way  that  it 
may  be  moved  up  or  down  by  the  loosening  of  four  screws.  This  provides  a  means  of 
accurately  balancing  the  telescope  tube  assembly  about  the  declination  axi"  A  lead  screw 
for  ease  in  making  this  adjustment  is  conveniently  accessible  at  the  lower  end  of  the 
telescope  tube  assembly.  The  secondary  shell  supports  the  secondary  mirror  assembly 
and  provides  a  means  of  holding  a  cover  for  protection  of  the  inside  of  the  tube  and 
reflecting  surfaces  from  dust  when  the  telescope  is  not  in  use.  When  the  end  cover  is 
removed,  a  baffle  plate  can  be  installed  to  carry  the  various  aperture  stops.  As 
the  tube  is  an  enclosed  type,  it  has  ventilation  openings  at  the  lower  end.  Electrical 
wiring  is  carried  into  the  tube  and  to  an  electrical  junction  box  located  on  the  center 
section  for  connection  of  power  to  instruments. 

(2)  Declination  Axle.  The  declination  axle  is  a  hollow,  fabricated  steel  weldment 
to  allow  passage  of  electrical  power  leads  through  its  center.  It  is  supported  by  two 
4-in. -i.d.  precision  ball  bearings,  one  at  either  end,  12  in.  apart.  A  flange  is  pro¬ 
vided  on  one  end  to  accommodate  the  mounting  surface  of  the  tube  center  section, 
allowing  for  3  in.  of  axial  adjustment  of  the  telescope  tube. 
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(3)  Polar  Axle.  The  polar  axle  assembly  is  a  double  tube,  consisting  of  a  rigid 
inner  axle  on  which  an  outer  housing  rotates.  The  inner  axle  is  bolted  to  the  mount 
and  supports  the  outer  housing  through  two  precision  ball  bearings  43. 5  in.  apart. 

The  upper  bearing  has  6-in.  i.d.  and  the  lower  bearing  has  an  i.d.  of  12-in. 

Attached  to  the  lower  end  of  the  axle  is  a  20-in.  -diameter,  360-tooth  worm  gear 
against  which  a  right  ascension  drive  mechanism  rotates  the  outer  housing.  The 
outer  housing  supports  the  declination  axle  and  its  associated  drive  mechanism.  Both 
axle  systems  accommodate  a  means  of  carrying  uninterrupted  electrical  power 

(115  Vac,  10  A)  to  the  telescope  tube  center  section.  Because  continuous  rotation  is 
not  required  of  either  axle,  and  because  slip  rings  are  known  to  be  much  noisier  than 
good  bearings,  continuous  flexible  leads  will  be  used  for  this  purpose. 

(4)  Pedestal.  The  base  or  pedestal  is  a  hollow,  fabricated,  heavy-gage,  steel 
weldment  to  which  the  polar  axle  is  bolted.  Its  upper  surface  is  accurately  machined 
to  correspond  to  the  telescope  median  observing  site  latitude  angle.  The  bottom  of 
the  pedestal  attaches  to  a  sole  plat.e  and  has  adjustments  in  elevation  and  azimuth, 
each  with  a  range  of  ±0. 5  deg  for  precise  alignment  of  the  polar  axle.  Within  the 
pedestal  is  a  single-pole  circuit  breaker  for  electrical  protection  of  main  power, 
with  the  switch  accessible  from  outside.  Size  of  the  pedestal  is  limited  to  a  trape¬ 
zoidal  floor  plan  with  an  altitude  of  42  in. ,  and  a  major  base  of  44  in. 

(5)  Sole  Plate.  A  steel  sole  plate  is  provided  by  the  telescope  contractor  in  ad¬ 
vance  of  the  delivery  of  the  telescope  to  be  cast  into  a  concrete  mounting  pier  by  the 
observatory.  The  pier  is  provided  as  part  of  the  telescope  building  by  the  observa¬ 
tory.  The  sole  plate  is  a  triangular,  3/4 -in. -thick,  steel  plate,  provided  with  three 
mounting  studs  extending  upward  from  the  top  surface.  One  stud  is  located  a+  the 
rear  of  the  telescope  on  the  north/south  line,  and  the  remaining  two  in  the  opposite 
corners  corresponding  to  east  and  west.  Each  stud  is  supplied  with  two  nuts,  one  for 
adjusting  vertical  alignment  of  the  polar  axle  and  one  for  locking  the  base.  The  studs 
are  actually  extensions  of  J-bolts  which  protrude  12  in.  below  the  bottom  surface  of 
the  plate.  An  8-in.  -diameter  hole  is  provided  in  the  center  of  the  sole  plate  to  allow 
for  entrance  of  electrical  conduit  through  the  bottom  of  the  telescope  mounting.  Addi¬ 
tional  sole  plates  can  be  provided  at  a  nominal  cost  as  required  for  other  observing 
sites. 

(6)  Site  Latitude  Adapter.  An  adapter  can  be  provided  to  permit  operation  of  the 
telescope  at  all  latitudes  within  the  continental  United  States.  This  adapter  will  inter¬ 
face  with  the  solo  plate  and  the  telescope  pedestal  and  will  retain  all  adjustable  features 
of  the  basic  mount  for  alignment  of  the  polar  axis. 

(b)  Drives.  Electrical  motor  drives  are  used  for  all  motions  about  the  polar  and 
declination  axes.  All  motions  are  smooth  with  no  abrupt  starts  and  stops  and  are  free 
of  objectionable  vibration.  All  motions  are  continuous  within  the  limits  specified 
below.  Couplings  or  clutches,  where  used,  are  completely  free  of  backlash. 

Tracking  rates  are  smooth  and  free  from  mount  noise  and  vibration  from  approximately 
0. 1  Hz  upward,  with  an  amplitude  not  to  exceed  0. 1  to  0. 2  arc-sec.  The  manufacture*, 
states  that  these  performance  specifications  have  been  verified  on  mounts  of  this  de¬ 
sign  through  actual  observation  and  test. 
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(1)  Drive  Rates.  Following  are  drive  rate  specifications: 

•  Slew  6  deg/sec  of  time 

•  Set  2  min  of  arc/sec  of  time 

•  Guide  5  sec  of  arc/sec  of  time 

•  T’^ack  15  sec  of  arc/sec  ofsiaereal  time  when  driven  by  60-cycle/solar- 

second  power 

(2)  Main  Drive  Worms.  The  right  ascension  and  declination  drives  are  designed 
so  that  the  primary  worm  in  each  is  preloaded  against  its  respective  worm  gear  to 
eliminate  backlash  from  the  mechanisms.  Prelead  torque  of  8  to  10  ft-lb  is  provided 
for  each  axis  and  is  developed  by  stalled  d-c  torque  motors. 

(3)  Balance  Provisions.  The  right  ascension  and  declination  drives  have  pro¬ 
vision  for  quick  release  of  the  worm-to-worm  gear  mesh  in  order  to  allow  sufficient 
backlash  for  sensing  telescope  balance  about  either  axis  for  any  position  of  the  tele¬ 
scope  tube.  An  electrical  interlock  is  provided  in  each  drive  to  prevent  operation  of 
the  drive  motors  in  the  released  position. 

(4)  Right  Ascension  Drive.  The  right  ascension  drive  assembly  is  mounted  at  the 
lower  end  of  the  polar  axle  housing  and  covered  by  an  appropriate  flange.  Tracking 
speed  is  produced  by  a  115- Vac  synchronous  motor,  geared  to  produce  sidereal  rate 
output  when  driven  by  a  60- Hz /solar- second  pov/er  source.  Wiring  for  this  motor  is 
such  that  it  may  be  driven  directly  from  a  standard  power  line.  Alternatively,  a 
separate  terminal  strip  is  located  in  the  base  to  which  power  of  variable  or  stabilized 
frequency  may  be  furnished  if  the  frequency  of  the  local  power  source  proves  to  be 
insufficiently  stable.  The  ri^ht  ascension  tracking  drive  has  no  errors  exceeding  2  arc- 
sec  in  5  min  of  time,  or  5  arc-sec  in  1  hr.  The  guide-set  motor  is  a  115-Vac  servo 
motor  with  a  36- Vac  control  winding  to  which  a  tachometer- generator  is  attached. 

Power  for  this  servo  motor  is  provided  by  a  servo  amplifier  which  compares  the  output 
voltage  of  the  tachometer- generator  with  the  command  voltage  from  a  pushbutton  control 
paddle.  The  servoamplifier  is  mounted  at  the  lower  end  of  the  polar  axle  housing  also 
covered  by  the  flange  for  the  right  ascension  drive  assembly.  A  separate  115-Vac  slew 
motor  is  provided  with  acceleration  control  so  that  it  offers  no  sudden  forces  to  the  worm 
and  worm  gear,  but  supplies  smooth  power  when  speed  it  increased  and  decreased. 

(5)  Declination  Drive.  The  declination  drive  assembly  is  mounted  in  a  housing  on 
the  upper  end  of  the  polar  axle  housing  opposite  the  telescope  tube.  Motors  are  of  the 
same  type  used  to  perform  the  functions  described  for  the  right  ascension  drive  with 
the  exception  of  the  tracking  drive.  The  worm  gear  is  12  in.  in  diameter.  The  servo- 
ar.iplifier  for  Lhe  guide-set  motor  is  mounted  on  the  flanged  area  at  the  lower  end  of  the 
polar  axle  housing. 

(c)  Position  Indicators.  Illuminated  dial  indicators  for  right  ascension  angle  and  de¬ 
clination  are  mounted  in  the  upper  surface  of  the  flange  on  the  lower  end  of  the  polar 
axle  housing.  The  intensity  of  illumination  is  variable  by  means  of  a  control  knob 
located  adjacent  to  the  indicators.  Each  dial  is  adjustable  in  setting  by  insertion  of  a 
hex  key  through  a  hole  in  the  center  of  the  dial  face  which  is  normally  sealed  by  means 
of  a  removable  rubber  plug. 
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(5)  Astrodome.  Figure  42  is  a  data  sheet  describing  various  astrodomes  produced  by 
Parabaia,  whose  product  was  determined  to  be  the  best  available.  The  selected  unit 
is  indicated  in  this  figure.  The  unit  will  be  procured  without  the  servo  drives  since 
manual  operation  of  the  unit  is  considered  acceptable  as  a  cost-effective  measure. 

Also,  the  omission  of  the  servo  drives  simplifies  assembly  and  disassembly.  Um¬ 
brellas  may  be  attached  to  the  astrodome  to  eliminate  potential  problems  caused  by 
the  sun  during  daylight  tracking. 

d.  Star  Image  Sensor  (SIS) 

(1)  Summary  of  Star  Image  Sensor  Requirements.  The  star  image  sensor  (SIS)  is 
essentially  a  pinhole  detector  designed  to  measure  the  intensity  modulation  and  angular 
motion  of  the  star  image.  The  special  requirements  that  this  sensor  must  satisfy  will 
be  discussed  before  proceeding  with  the  description  and  analysis  of  the  SIS.  A  more 
complete  discussion  of  requirements  is  contained  in  Appendixes  IV  and  V. 

The  pinhole  rad'us  is  required  to  be  approximately  0. 0017  in.  (appendix  V,  p.  1. ).  The 
FOV  of  this  piimole  will  depend  on  the  focal  length  of  the  telescope,  which  can  vary  from 
1084  to  136  in.  (2754  cm  to  344  cm. )  The  pinhole  FOV  (full  width)  can  therefore  vary 
from  approximately  0.  8  to  6  arc  sec.  The  rather  small  size  of  this  field  of  view  results 
in  the  generation  of  unique  design  requirements  because  the  image  will  be  larger  than 
the  pinhole. 

The  SIS  must  have  an  automatic  acquisition  mode  capable  of  locating  a  star  within  a 
large  FOV  (up  to  3  mrad).  It  is  not  practical  to  locate  the  image  manually  or  by  using 
a-priori  data  because  of  the  small  pinhole  size  and  image  size. 

A  stellar  image  will  move  in  a..gle  due  to  atmospheric  effects  when  it  is  being  tracked. 
The  image  motion  will  be  a  function  of  atmospheric  conditions  (including  time  of  day, 
wind,  temperature,  etc. )  and  the  telescope  diameter.  Tl.e  magnitude  of  the  angular 
excursions  can  vary  up  to  20  arc-sec  with  scintillation  frequencies  to  100  Hz.  (The 
most  probable  values  of  these  quantities  is  around  8  to  10  arc-sec  and  20  to  30  Hz 
respectively).  As  a  consequence,  the  pinhole  must  be  able  to  follow  fi.e. ,  track)  the 
image  in  order  to  prevent  it  falling  outside  the  FOV  or  observing  modulation  effects 
that  could  not  be  separated  from  image  intensity  variation. 

An  image  dissector  tracker  will  provide  capability  for  reliably  acquiring  and  tracking 
a  star  image.  In  addition,  off-axis  tracking  can  be  accomplished  with  an  image  dis 
sector  tracker,  which  approach  simplifies  the  design  of  the  system  because  the  design 
is  not  restricted  to  boresight  tracking.  It  is  believed  that  no  other  tracker  can  sup¬ 
ply  the  necessary  capability  for  this  system  except  at  greater  cost  and  complexity. 
Although  the  quantum  efficiency  of  an  image  dissector  is  less  than  tha'  of  a  solid-state 
detector,  less  internal  noise  is  generated,  resulting  in  a  greater  detectivity  for  the 
image  dissector. 

Noise  components  will  be  present,  in  the  system,  primarily  because  of  shot  noise  gen¬ 
erated  from  the  image  and  background  photocathode  current.  This  will  cause  an  angu¬ 
lar  variation  in  the  apparent  position  of  the  signal  (or  noise  equivalent  angle  —  NEA). 
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Selected  Unit 


ENVIRONMENTAL  PERFORMANCE: 

Ambient  Temperature  Range:  Operating . -40 c  to  125 °F 

Non-operating . -65°  to  160°F 

Wind  Load:  Operating . 30  mph  steady,  gusts  to  50  mph 

Non-operating  .....  130  mph 

Thermal  Conductivity . Less  than  0.4  Btu/hr/sq  ft/°F 


Figure  42.  Selected  Astrodome  Chart  (Parabam,  Inc.) 
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The  magnitude  can  be  calculated  if  the  background  is  known.  For  this  reason,  separate 
outputs  for  image  intensity  and  background  are  desirable. 


The  tracking  loop  bandwidth  and  image  sampling  time  should  be  variable  in  order  to  pro¬ 
vide  flexibility  in  gathering  experimental  data.  The  SIS  must  have  day  and  night  star¬ 
tracking  capability  in  order  to  permit  data  collection  under  a  variety  of  atmospheric 
conditions.  Finally,  synchronization  between  an  external  data  processor  and  the  SIS 
is  desirable  in  order  to  assure  minimum  delay  and  dead  time  in  recording  data  and  to 
simplify  system  timing. 

(2)  Fundamentals  of  the  Star  Image  Sensor  Operation.  The  SIS  will  be  a  modification 
of  an  existing  ITT/Gilfillan  design  with  proven  ability  to  track  stars  precisely,  both  at 
night  and  during  daytime.  Design  changes  are  necessary  in  order  to  achieve  the  particu¬ 
lar  performance  required  to  perform  the  atmospheric  effects  measurements. 

The  SIS  is  a  two-axis,  dual-mods  star  tracker  designed  to  measure  precisely  the  angle 
between  its  boresight  axis  and  the  line  of  sight  to  a  target  and  to  provide  image  intensity 
data.  It  has  the  unique  features  of  previous  ITT/Gilfillan  Electro-Optical  trackers, 
namely: 

•  Use  of  electronic  scanning  that  needs  no  moving  parts 

•  Ability  to  scan  a  large  FOV 

•  Ability  to  select  a  specific  star  in  the  FOV 

•  Position  information  of  excellent  resolution  and  accuracy 

•  Automatic  switching  between  track  and  acquisition  mode  of  operation 

•  Linear  image  intensity  indication 

A  tracker  is  made  up  of  three  basic  building  blocks  —  the  optics,  the  image  dissector 
tube,  and  the  electronics. 

The  optics  of  a  tracker  determines  its  angular  FOV  and  image  brightness.  The  purpose 
of  the  optics  is  to  focus  an  image  on  the  photocathode  of  the  image  dissector  tube. 

The  heart  of  the  tracker  is  the  image  dissector  tube.  Figure  43  shows  an  image  being 
focused  on  the  photocathode  to  form  an  electron  image  of  the  target.  Behind  the  photo¬ 
cathode  there  is  an  aperture  mask  and  secondary  emission  dynodes  capable  of  amplifying 
a  signal  up  to  107  times.  The  image  dissector  is  constructed  so  that,  when  an  accelerating 
voltage  is  applied  between  the  photocathode  and  a  mechanical  limiting  aperture,  only 
electrons  leaving  a  specific  area  on  the  photocathode  will  pass  through  the  limiting 
aperture.  This  area  is  called  the  instantaneous  photocathode  diminsion  (IPD).  When 
a  target  image  is  positioned  on  the  photocathode  by  the  lens,  a  very  small  stream  of 
electrons  is  formed  by  the  electron  optics  of  an  electromagnetic  focusing  field. 
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Figure  43  Typical  Star  Tracker 


A  deflection  coil  positioned  around  the  image  section  provides  magnetic  deflection  of 
the  target  image  electron  beam.  By  applying  proper  deflection  coil  currents,  the 
electron  beam  is  swept  back  and  forth  across  the  limiting  aperture,  causing  a  modula¬ 
tion  of  the  electron  beam.  Deflection  coil  current  centers  the  IPD  on  the  target  image. 

The  IPD  [  See  Section  IV,  2d  (2)J  ,  when  projected  forward  through  the  optics,  represents 
a  region  in  space  defined  as  the  instantaneous  field-of-view  (IFOV).  It  is  defined  by  the 
geometric  relationship: 


IFOV  = _ IPD _ 

an  2  2  x  lens  focal  length 

The  region  of  space  covered  when  scanning  deflection  currents  are  applied  represents 
the  total  search  or  acquisition  field-of-view. 

Electronics  drive  the  deflection  coils  in  either  a  search  mode  (scanning  the  acquisition 
field-of-view)  or  in  the  track  mode  (scanning  about  a  target).  In  the  track  mode,  the 
modulated  tube  output  signal  is  processed  to  produce  internal  X  and  Y  error  outputs. 
Those  errors  are  used  as  feedback  to  the  deflection  coils  to  correct  for  target  position 
and  velocity  errors.  Image  intensity,  target  presence,  and  X  and  Y  position  voltages 
are  generated  by  the  electronic  processing  circuits  as  information  outputs. 

(3)  Detailed  Operational  Description.  An  explanation  of  the  SIS  (Figure  44)  is  best 
presented  by  describing  a  sequence  that  will  be  encountered  in  operation.  The  basis 
for  selections  of  the  various  parameters  is  contained  in  Section  IV,  2,  d,  (4).  A  perti¬ 
nent  detailed  performance  specification  is  presented  in  Section  IV,  3. 

(a)  Acquisition  Sequence.  The  search  scan  is  digital  with  the  central  portion  of  the 
photocathode  being  sampled  in  a  256  x  256  element  format.  Sweep  waveforms  are 
generated  in  the  search  scan  logic  and  D/A  converter  boxes  of  Figure  44  by  convert¬ 
ing  the  outputs  of  an  16-stage  ripple  counter  to  analog  current.  The  first  8  bits  (high¬ 
est  frequency)  are  converted  to  generate  an  X-axis  staircase  sweep  and  the  last  8  bits 
are  converted  to  generate  the  Y-axis  staircase  sweep.  The  waveforms  are  shown 
in  Figure  45.  The  step  rate  will  be  625  Hz,  thereby  giving  a  dwell  time  of  1  6  ms  and 
a  frame  time  of  less  than  105  sec.  Normally,  a  10-pt  rcent  overlap  of  the  elemental 
IPD  areas  throughout  the  scan  is  used  to  assure  targei  acquisition.  However,  since 
the  stellar  image  will  be  larger  than  the  IFOV,  the  overlap  can  be  eliminated  and  the 
number  of  acquisition  steps  decreased  to  reduce  the  acquisition  time,  if  desired.  A 
half-field  search  scan  will  be  available  on  command,  which  will  reduce  the  acquisition 
time  to  26  sec.  This  feature  can  be  utilized  when  the  image  is  known  to  be  close  to 
boresight. 

in  the  acquisition  mode,  the  SIS  is  in  an  open  loop  configuration  as  compared  to  the 
track  mode  in  which  the  video  signal  is  demodulated  to  obtain  position  information. 
Offsets  and/or  drifts  that  might  affect  the  acquisition  sweep  are  prevented  by  use  of 
solid  state  switches  on  the  track  loop  and  track  sweep  circuits. 
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Figure  44  Star  Image  Sensor  -  Block  Diagram 


Video  from  stellar  targets  will  be  pulses  of  1.  6  ms  duration  with  the  magnitude  de¬ 
pendent  on  the  source  brightness.  The  amplified  video  will  then  be  compared  to  a 
constant  threshold  level  in  an  operational  amplifier  comparator,  and  an  initiation  of 
acquisition  will  be  generated  when  the  video  signal  exceeds  the  threshold  setting.  An 
acquisition  video  bandwidth  of  approximately  200  Hz  will  pass  the  information  while 
greatly  attenuating  noise  pulses  of  short  duration  (high  frequency). 

When  a  pulse  is  received  from  the  acquisition  video  comparator  and  the  SIS  is  in  the 
acquisition  mode,  operation  in  that  mode  stops,  and  track  mode  operation  commences. 
The  acquisition  video-pulse  resets  a  flip-flop  in  the  mode  control  section,  and  the  logic 
levels  freeze  the  acquisition  counter  so  that  the  deflection  coil  currents  remain  at  the 
value  that  produced  the  video  pulse.  Simultaneously  through  electronic  switches  (FET’s) 
the  logic  levels  enable  all  circuits  pertinent  to  tracking,  namely,  the  sweep,  demodu¬ 
lator  and  integrator. 

(b)  Operation  in  the  Track  Mode.  The  track  sweep  is  an  analog  cruciform  scan  of  5 
kHz  with  individual  X-  and  Y-axis  waveforms  as  shown  in  Figure  46.  A  5-kHz  scan 
frequency  has  been  selected  because  experience  has  indicated  that  it  should  be  at  least 
7.0  times  the  500-Hz  tracking  loop  bandwidth.  The  scan  amplitude  is  ±  3  IFOV  to  ensure 
that  the  scan  extends  beyond  the  Airy  disc.  (The  disc  may  be  four  or  five  times  the 
IFOV. )  Background  sampling  is  taken  near  the  end  of  the  scan  while  the  IFOV  is  beyond 
the  Airy  disc.  The  scan  causes  a  pulse  width  and  pulse  position  modulation  of  the  video 
signal.  The  image  intensity  is  sampled  during  the  time  tg  when  the  deflection  current 
is  zero  so  that  the  sampled  signal  will  not  be  modulated.  This  sampling  period  will  be 
range  from  0  to  35  /x sec  under  the  operator's  control. 

The  track-video  signal  is  a  waveform  of  approximately  50-percent  duty  cycle  at  20  kHz 
(four  times  the  track  scan  frequency).  The  video  is  amplified  and  limited,  thereby  pro¬ 
viding  a  position  and  duration  modulated  pulse  train  to  the  demodulator.  The  track  video 
amplifier  will  utilize  a  lin-log  amplifier  to  ensure  that  the  limiting  takes  place  only  in 
the  comparator.  In  this  way,  the  amplifier  bandwidth  is  predictable  and  delays  and  slew 
rate  variations,  which  are  potential  sources  of  position  indication  shifts,  are  eliminated. 

The  video  pulse  train  is  synchronously  demodulated  to  obtain  output  analog  error  signals 
proportional  to  the  angular  distances  (in  two  orthogonal  directions)  between  the  center 
of  the  scan  cross  and  the  center  of  the  star  image.  The  synchronous  demodulators  use 
logic  gates  to  steer  the  video.  The  gates  are  controlled  by  the  waveforms  that  generate 
the  track  and  sweep.  The  transition  to  track  takes  place  when  a  video  pulse  is  received. 
The  IPD  can  be  anywhere  within  the  image  and  most  probably  is  not  at  the  exact  center. 
The  demodulator  error  signals  are  fed, after  amplification  and  integration,  to  summing 
amplifiers  that  generate  target  position  correction  to  the  initial  cross  scan  position. 

The  integral  drive  forces  a  correction  until  the  demodulator  error  is  zero.  The  cross 
scan  is  then  centered  on  the  star. 

The  track  mode  is  characterized  by  a  Type-1  control  loop,  where  any  movement  within 
the  IFOV  results  in  an  automatic  correction  to  the  d-c  deflection  coil  current  so  that 
the  cruciform  scan  remains  centered  on  the  star  image.  This  loop  will  have  a  band¬ 
width  controllable  from  1  to  500  Hz.  Track  lock  is  maintained  by  detecting  the  20-kHz 
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frequency  component  of  the  video.  Tbe  video  is  filtered  in  a  bandpass  amplifier  centered 
at  20  kHz.  The  output  is  envelope -detected  and  averaged.  The  analog  level  is  compared 
to  a  set  threshold  value,  and  a  digital  star-presence  signal  is  generated.  The  star- 
presence  level  indicates  that  meaningful  position  outputs  are  being  generated.  The  loss 
of  the  star -presence  signal  automatically  returns  the  SIS  to  the  acquisition  model.  In 
like  manner,  if  the  track  mode  is  initiated  on  a  noise  pulse,  a  star-presence  signal  will 
noc  be  generated,  and  the  acquisition  mode  will  commence  within  milliseconds. 

The  background  will  be  sampled  during  a  2-psec  interval  when  the  star  image  is  net  in  the 
IFOV,  as  shown  in  Figure  46.  The  background  level  will  be  available  as  an  output  which 
will  have  a  1-Hz  bandwidth.  The  difference  between  the  video  and  background  signals  is 
the  image  intensity  output. 

Because  the  effective  integration  time  of  a  1-Hz  bandwidth  filter  is  ~  0,  5  sec,  and  because 
the  sampling  rate  is  20  kHz  (see  above,  this  section)  the  effective  number  of  samples 
integrated  is  10,000.  Assuming  that  the  S/N  ratio  for  individual  samples  will  not  be  less 
than  1  to  1,  the  background  measurement  channel  output  will  have  an  S/N  ratio  s  l  .< 

V 10 , 000  =  100.  As  this  S/N  ratio  value  is  much  greater  than  that  of  the  star  intensity 
samples,  subtraction  of  the  smoothed  background  value  will  contribute  negligibly  to  over¬ 
all  measurement  error.  This  conclusion  would  not  be  valid  if  the  background  level 
fluctuated  appreciably  during  the  0.5-sec  effective  integration  time,  bat  the  background 
is  expected  to  remain  constant  during  such  short  periods.  Over  longer  periods  ,  back¬ 
ground  variations  will  be  sensed  and ,  because  the  background  value  is  subtracted  from 
the  star  intensity  sample  values,  such  longer  term  variations  will  not  affect  the  accuracy 
of  star  intensity  measurements.  As  a  precaution  against  the  possibility  cf  errors  due  to 
unusually  rapid  background  fluctuations ,  additional  circuitry  will  be  provided  to  sense 
short-term  (~  0.01  sec)  fluctuations  of  background  and  produce  an  alerting  signal  (data 
invalid)  if  the  fluctuation  magnitude  exceeds  a  preset  threshold. 

(4)  Analysis  of  SIS  Operation.  An  analysis  of  the  factors  that  define  the  performance 
characteristics  of  the  SIS  is  presented  in  this  section.  First,  the  background  photo 
current  for  daytime  operation  is  calculated  because  the  latter  imposes  a  much  more 
severe  restriction  than  does  night-time  background.  Next  the  signal  current  is  deter¬ 
mined  as  a  function  of  lens  diameter.  Using  these,  the  noise  equivalent  angle  and 
signal-to-noise  ratio  for  two  c’  [ferent  scanning  patterns  are  calculated.  These  two 
factors,  taken  together,  provide  a  good  measure  of  the  performance  capabilities  of  a 
given  SIS  configuration.  In  order  to  establish  operational  limits  for  the  system,  a 
determination  is  then  made  of  the  minimum  lens  diameters,  for  given  bandwidths, 
necessary  to  achieve  tracking.  Finally,  the  results  of  the  analysis  are  briefly 
summarized. 

(a)  Preliminary  Considerations.  One  of  the  requirements  of  the  SIS  is  to  separate  the 
background  signal  from  that  of  the  target.  Initially  a  two-aperture  image  dissector, 
with  one  aperture  for  the  signal  and  the  other  for  background,  was  considered.  How¬ 
ever.  a  preliminary  analysis  of  such  a  dual-aperture  arrangement  showed  that  the 
background  current  collected  in  the  larger  tracking  aperture  was  of  the  same  magni¬ 
tude  as  the  signal  current  collected  in  the  smaller  tracking  aperture.  As  the  back¬ 
ground  current  was  present  even  when  measuring  the  signal  intensity,  this  scheme  was 
judged  to  be  unworkable  and  was  ruled  out.  Instead,  a  single  aperture  will  be  used, 
and  the  SIS  will  be  instrumented  to  sample  the  background  during  periods  when  the 
instantaneous  photocathode  diameter  is  not  on  target.  The  background  signal  will  be 
subtracted  from  the  total  signal  to  generate  the  target  signal  of  interest. 
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Initially,  the  analysis  in  this  section  parallels  that  presented  in  Appendix  IV.  It  then 
extends  into  the  consideration  of  the  star  tracker  design  parameters.  The  pinhole 
aperture  size  defined  in  Appendix  IV,  Eq.  (28),  will  be  used  in  this  analysis.  From 
Eq.  (28)  of  Appendix  IV,  therefore: 

a  =  0.294  f  X 

where 

a  =  the  desirable  aperture  radius 

f  =  optics  f-number 

X  =  spectral  wavelength  in  meters 
s  0.5  x  10  m 

(In  oraer  to  stay  consistent  with  nomenclature  used  by  ITT/Gilfillan,  IPD  (instantaneous 
photo  cathode  diameter)  will  be  used  subsequently  instead  of  a  ). 

Therefore, 

IPD  =  0.588  fX 

and  IFOV  =  -  =  0. 588  A/D 


where  F  =  optics  focal  length  (m)  and  D  =  primary  aperture  diameter  (m) 
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(b)  Calculation  of  Background  and  Signal  Current.  The  ability  to  track  stars  during 
daylight  is  much  more  difficult  to  achieve  than  under  nighttime  conditions.  The  analysis 
therefore  will  be  directed  toward  the  more  severe  conditions.  In  order  to  analyze 
various  performance  characteristics,  the  stellar  and  background  signals  must  be 
determined. 


is: 


(1)  Background  Current.  The  Pf  photocathode)  current  due  to  the  background 


IBG  =  NuA^kgJ^-T0 


where 


N  =  background  radiance  (blue  sky) 

-2  .  -1  .  -1 
s  3  x  10  w  cm  ster  micron 


w  =  IFOV  in  steradians 

_ /'o.588X\2 

=  <*/4>  ( - g-j 

AX  =  spectral  bandwidth  (p) 

=  0.2  p 


17, 


D.  L.  Fried  (See  Appendix  IV)  indicated  a  preference  for  a  round  pinhole  aperture  dur¬ 
ing  a  meeting  on  8  Aug  1972,  and  the  round  type  will  be  used  instead  of  the  square  aper 
ture  conventionally  used  in  star  trackers. 
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kg  =  S-20  responsivity  (including  mesh) 
=  0.021  AAV 

D  =  optics  diameter  (cm) 


Tq  =  optics  transmission 
=  0.7 


Therefore 


I 


BG 


-15 

=  4.  7  x  10  (amperes) 


(2>  Signal  Current.  Based  on  the  ITT/Gilfillan  ODC  Daylight  Study  (Reference  14), 

57  percent  of  the  available  power  fr^m  a  GO  star  (6000-Kblaekbody)  is  within  the  S-20 
spectral  band  and  26. 5  percent  is  within  the  0. 4  to  0. 6  micron  band.  Based  on  the 
measurements  of  Forbes  and  Mitchell  (References  15  and  16),  the  former  case  (57  percent) 
corresponds  to  9  x  10-1^  w*  cm~2  for  a  O111  star. 

Therefore,  Hq  (stellar  irradiance)  in  the  tracker  spectral  bandwidth  is 


H  »  9  x  10 
o 


-13 


/ 26.  5  \ 

V  57  ) 


=  4. 18  x  io  13  w  cm  ^ 


7'he  PC  signal  current  for  this  source  is 


I  =  H  - 
s  o 


7T  D' 


.  T  T  kg  K. 
4  o  a  i 


where 


D  =  optics  diameter  (cm) 

T&  --  atmospheric  transmission 
=  0.5 

K.  =  fraction  of  image  energy  in  IPD 
=  0. 175  (from  the  report) 


Therefore 


I  =  4.22  x  10  (amperes) 
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in  order  to  compare  these  results  with  results  shown  in  Appendix  IV,  I  is  calculated 
for  a  D  of  10  cm,  as  follows: 

I  =  4.22  x  10“14  A 
S 

From  this 


_s  _  4.22  X  10 

XBG  4.7  X  10~15 

=  8.98 

From  Eqs.  (34)  and  (37)  of  Appendix  IV: 

-y4~  =  25.1 
BG 

The  primary  reasons  for  the  difference  between  these  two  results  are  use  of  a  0.  5 
atmospheric  transmission  and  1.  5  times  less  signal  irradiance  than  that  used  in 
Appendix  IV. 

Based  on  the  present  analysis,  a  graph  of  the  currents  for  the  optics  diameter  range 
can  be  constructed  as  shown  in  Figure  47. 


Figure  47  Signal  Current  as  a  Function  of  Lens  Diameter 
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(c)  Determination  of  Noise  Equivalent  Angle  (NEA).  It  is  considered  desirable  to  have 
an  NEA  no  larger  than  0. 125  IFOV  in  order  to  avoid  dilution  of  atmospheric  measure¬ 
ments  by  noise.  A  calculation  of  NEA  is  presented  below  to  determine  the  conditions 
under  which  this  criterion  can  be  satisfied. 

The  NEA  formula  used  is  a  model  developed  by  ITT-G  which  has  been  verified  by 
empirical  means  on  a  number  of  trackers.  The  factor  0. 707  accounts  for  the  50-percent 
duty  cycle  of  the  video.  In  parametric  form 


NEA  =  0.707 


2  e  — 2—r  (I  +  I__ 
or  -  T  v  s  BG 


)Af] 


1/2 


(IFOV 


Dl> 


1/2 


where 


e  =  electronic  charge 
-19 

=  1.  6  x  10  coulombs 


cr  - 

Af  = 

Di  = 
IFOV  = 


F4012  individual  dynode  gain 
3 

tracker  bandwidth  (Hz) 

image  size  (arc-sec) 

instantaneous  field-of-view  (aro-sec) 


Since  the  IFOV  changes  as  the  optics  diameter  and  focal  length  change,  NEA  will  be 
expressed  in  terms  of  IFOV.  The  factor  (IFOV  dj)l/2  for  diffraction  limited  optics 
can  be  expressed  as 


aFOVdx)1/2  =  (IFOV  IFOV); 


,1/2 


The  expression  for  NEA  can  now 


2.04  IFOV 
be  written  as 


NEA  »  1.4  x  10"9  (Af)1/2  IFOV 


\l/2 


11? 


Using  this  expression  and  the  values  for  Is  and  IBq  previously  computed  (Section  IV, 
2,d(4)),  a  set  of  parametric  curves  can  be  drawn  for  NEA/IFOV  versus  tracking  loop 
bandwidth  (Figure  48).  Although  these  curves  are  for  daylight  tracking  conditions, 
one  curve  for  nighttime  (Ibg«*s)  has  been  included.  For  lens  diameters  greater 
than  10  cm,  the  background  is  much  less  than  the  signal  current,  as  can  be  seen  in 
Figure  47,  and  day  and  night  performance  will  be  comparable. 

From  Figure  48  it  is  seen  that  an  optics  diameter  of  at  least  5  cm  will  be  required  to 
attain  an  NEA  of  0. 125  IFOV  or  less  with  a  bandwidth  of  100  Hz  or  greater. 

(d)  Analysis  of  Image  Intensity  Information.  The  amplitude  at  the  center  of  the  Airy 
disc  is  the  output  of  the  SIS  of  primary  interest.  With  a  cross-scan  pattern,  the  center 
of  the  image  is  crossed  or  sampled  four  times  each  cross  scan  cycle.  First,  the 
performance  of  a  tracker  using  a  cross-scan  pattern  of  the  type  normally  employed  in 
in  ITT-G  star  trackers  will  be  analyzed. 

49.  Referring  to  this  figure: 


t  = 
s 


The  scanning  waveform  is  shown  in  Figure 


cs 
d  ~ 


where 

t  =  sample  time  (sec) 

S^  =  ratio  of  sample  time  to  the  maximum  possible  sample  time 
The  number  of  samples  (N)  related  to  the  track  loop  BW  Af  is 


N  = 


-T-x  4  f 
A  f  cs 


4  i 


cs 


Af 


The  composite  integration  time  for  the  information  is 

t.  =  Nt 
1  s 


4  f  t 

— £§.  x  s.~ — 

Af  d  4 
Af 


The  bandwidth  of.  the  video  samples,  denoted  by  f,  ,  ca.i  be  expressed  as 


,  Af 

li  S., 

U 
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Figure  49  Spatial  Relationship 


The  video  S/N  ratio  is 


where 

f.  =  video  amplitude  bandwidth 
If  D  >  10  cm  so  that  I  _  «  I  , 

JoVj  S 


The  next  step  is  to  sample  the  image  at  the  center  of  the  Airy  disc.  Because  the  pin¬ 
hole  moves  three  IPDs  during  the  time  interval  (tcs/4),  the  maximum  possible  sampling 
ratio  Sd  is  1/3  .  However,  it  is  probable  the  will  have  to  be  l/9  or  less(0.33  x  1/3) 
in  order  to  assure  that  only  the  center  and  not  the  skirts  of  the  image  are  sampled.  On 
the  basis  of  this  rather  arbitrary  assumption: 


A  graph  of  S/N  versus  Af  for  various  values  of  D  is  shown  m  Figure  50. 

From  the  preceeding  analysis,  it  is  evident  that  a  longer  sampling  time  is  desirable. 
Therefore,  the  scanning  pattern  will  be  modified,  shown  in  Figure  51,  to  include  a 
period  for  sampling  during  which  the  scan  deflection  is  zero. 


Figure  51  Spatial  Relationship  to  Provide  a  Sampling  Period  With 
Zero  Scan  Deflection 

Where  previously  an  Sd  =  1/9  ,  it  now  can  become  1/2  (which  is  again  arbitrary). 
Therefore,  the  video  S/N  ratio  is  increased  by  the  factor  ^4. 5  or  2. 12.  These  re¬ 
sults  are  shown  on  a  new  plot  shown  on  Figure  52. 

It  should  be  noted  that  the  NEA  increases, due  to  loss  in  angle  S/N  ratio.  The  loss  is 
the  result  of  crossing  the  image  edge  faster  than  before.  Comparison  of  the  video  rise 
times  for  the  sweeps  shown  on  Figures  49  and  51  indicates  a  factor  of  two  difference. 
Therefore,  the  NEA  will  increase  by  a  factor  of  *J2,  or  1.4.  The  new  NEA  is  shown  in 
Figure  53. 

(e)  Determination  of  Minimum  Usable  Lens  Diameter.  It  is  useful  to  determine  the 
constraints  imposed  on  the  selection  of  lens  diameter  and  tracking  loop  bandwidth, 
when  the  only  requirement  on  the  tracker  is  that  it  be  capable  of  acquiring  and  maintain¬ 
ing  track.  In  other  words,  no  requirement  as  to  tracking  accuracy  is  imposed.  Ex¬ 
perience  has  shown  that  approximately  20  electrons  per  sample  period  are  required  for 
reliable  tracking.  During  each  scan  period,  1/4  of  the  time  is  utilized  to  develop  track¬ 
ing  information, because  the  total  signal  is  divided  between  two  channels  and  half  of  the 
time  is  used  for  intensity  measurement.  (See  Figure  51).  Therefore,  the  sample 
period  is 
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|  Figure  52  Amplitude  S/N  Ratio  Vs.  Sample  BW  — Modified  Scanning  Pattern  of 

1  Figure  51 
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Figure  53  Tracking  NEA  Vs.  Tracking  Loop  BW  for  Modified  Scanning 
Pattern  of  Figure  51 
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where 


A  f  is  the  tracking  loop  bandwidth  (Hz) 

The  number  of  electrons  Ng  collected  during  the  sample  period  is  equal  to 


N  »■ 
e 


s  At 


1.6  x  10 


-19 


This  expression  has  been  calculated  for  various  stellar  targets  and  is  presented 
graphically  in  Figure  54, 


Figure  54  Minimum  Lens  Diameter  Vs.  Tracking  Loop  Bandwidths 
for  Different  G-0  Star  Magnitudes 


(f)  Summary  of  Conclusions  From  Analysis.  Of  the  two  implementation  techniques 
considered,  the  one  in  which  the  sampling  time  can  be  adjusted  has  been  selected  for 
an  operational  system  because  of  the  experimental  flexibility  it  provides. 

Since  it  is  considered  desirable  for  the  NEA  to  be  less  than  0. 125  IFOV  when  data  are 
being  collected,  the  curves  in  Figure  53  define  the  limiting  telescope  aperture  for  a 
zero  magnitude  star.  Information  regarding  the  number  and  brightness  of  stais  and 
definition  of  stellar  magnitude  may  be  found  in  Reference  17.  For  a  20-cm  lens 
diameter  and  a  500-Hz  tracking  loop  bandwidth,  the  NEA  is  approximately  0.125  IFOV. 
Therefore,  no  star  that  is  dimmer  than  a  zero  magnitude  can  be  tracked  during  daylight 
and  yet  permit  achievement  of  an  NEA  of  0. 1 15  IFOV  under  these  conditions.  With 
smaller  bandwidths,  dimmer  stars  can  be  tracked  or  smaller  lens  apertures  used. 

Figure  53  can  be  used  to  calculate  the  NEA  for  other  than  zero  magnitude  stars.  For 
lens  diameters  greater  than  about  10  cm,  the  signal  current  is  greater  than  the  back¬ 
ground.  (See  Figure  47.)  Therefore,  the  NEA  for  an  M  magnitude  star  can  be  ob¬ 
tained  by  multiplying  the  NEA  from  the  curves  of  Figure  53  by  (2.  5M)  V2.  por  example, 
a  first-magnitude  star  can  be  tracked  with  an  aeceptablt  NEA, provided  that  a  20-cm 
lens  diameter  is  used  and  the  tracking  bandwidth  is  no  more  than  270  Hz.  For  lens 
diameters  greater  than  10  cm,  there  is  essentially  no  difference  in  the  NEA  for  day 
and  night  conditions.  For  lens  apertures  less  than  10  cm  it  will  be  necessary  to  con¬ 
struct  additional  curves  using  the  expressions  for  NEA,  I  and  I_p  as  shown  in 
Section  H,  2,  d,  (4;.  s  150 

By  comparing  Figures  53  and  54,  it  can  be  seer,  that  the  system  is  not  signal-electron 
limited  in  that  there  is  a  sufficient  number  of  electrons  for  tracking  even  when  the 
NEA  is  too  large  for  the  data  collected  to  be  very  useful. 

The  requirements  for  the  SIS  that  tracking  precision  (NEA)  be  better  than  0. 125  IFOV 
will  be  met  for  first-magnitude  stars  when  using  20-cm  optics  and  a  250-Hz  tracking 
loop  bandwidth.  The  same  requirements  are  met  with  a  500-Hz  bandwidth  for  zero- 
magnitude  stars. 

(5)  Peripheral  and  Test  Equipment.  The  measurement  system  will  be  self-contained, 
relying  only  on  external  power  for  operation.  In  addition  to  the  major  components 
described  in  the  previous  sections,  the  following  equipment  is  required: 

•  Pulse  oscillator  (simulating  external  clock) 

•  Auto-collimator-Kollmorgen  Model  K222 

•  Simulated  target  source 
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»♦  Oscilloscope  —  Tektronix  Model  454 

•  Digital  voltmeter  -  Non-Linear  Systems  Model  2900 

•  Microvolt-Ammeter  -  Hewlett  Packard  Model  425A 


•  Multimeter 

An  operator  control  console  will  be  a  part  of  the  equipment  supplied  and  will  contain 
displays  and  controls  as  required  to  control  and  monitor  the  operation  of  the  system. 

e.  Operational  Considerations 

(1)  Data  Interface.  In  this  section,  the  telescope  pointing  and  parameter  settings  that 
must  be  calculated  by  the  digital  computer  in  the  data  processing  subsystem  before 
experiment  initiation  will  first  be  outlined  and  the  mathematical  functions  to  be  evalu¬ 
ated  will  be  stated.  Then,  the  control  and  data  signal  flow  between  the  SIS  and  the  data 
processing  system  will  be  described. 

(a)  Target  Acquisition.  In  order  to  acquire  a  known  star  as  the  target,  the  telescope 
must  be  pointed  to  the  target  with  sufficient  accuracy  to  assure  that  it  will  be  within  the 
FOV  of  the  SIS.  Although  the  field-of-view  can  be  in  the  range  of  1.4  to  11.  8  arc-min, 
target  designation  accuracy  must  be  such  as  to  assure  acquisition  for  the  smallest  FOV 
(1.4  arc-min).  The  computation  required  involves  starting  with  star  position  data 
available  in  standard  star  catalogs  and  then  extrapolating  the  position  based  on  the  lo  - 
cation  of  the  site  and  time  (GMT).  The  atmospheric  refraction  at  elevation  angles 
from  20  to  70  deg  is  sufficiently  large  (Table  5)  so  that  the  computation  of  the  star 
position  must  take  into  account  the  difference  between  the  true  and  the  apparent  star 
position.  The  data  contained  in  Table  5  or  mathematical  model  must  be  used  in  the 
computation. 

At  least  two  fully  developed  programs  for  performing  these  computations  are  available. 
One  is  the  advanced  radar  calibration  system  (ARCS)  developed  by  SAMTEC  at 
Vandenberg  Air  Force  Base  and  the  second  is  the  portable  automatic  calibration  tracker 
(PACT)  from  the  NASA  Goddard  Research  Center.  The  computations  used  at  Vandenberg 
AFB  are  contain*.  1  in  Appendix  VI.  This  approach  cannot  be  used  without  modification  in 
this  application  because  of  the  differences  in  mounts.  An  estimate  of  the  required  com¬ 
puter  memory  is  difficult  to  achieve  because  of  differences  in  computers.  However, 
based  on  discussion  with  the  personnel  at  Vandenberg  AFB,  it  is  fairly  safe  to  assume 
that  no  more  than  500  to  600  30-bit  words  will  be  required.  This  includes  storing 
position  data  for  75  stars. 

(b)  Aberration  Correction.  In  accordance  wit*1  the  development  in  Section  IV,  2,  b(4), 
the  chromatic  corrector  in  the  optical  train  must  introduce  the  angular  dispersion  do 
given  by  the  following  expression: 

do  =  6.2  x  10"6  tan  (90  deg  -  E) 

where  E  is  the  elevation  angle  of  the  telescope  axis  relative  to  the  horizontal.  This 
correction  must  be  applied  in  a  vertical  plane,  but  the  chromatic  corrector  must  be 
positioned  with  respect  to  the  axes  of  the  telescope  body  in  which  it  is  mounted.  Because 
the  telescope  body  will  rotate  relative  to  th  vertical  during  normal  operation,  a  counter¬ 
rotation  R  must,  therefore,  be  applied  to  the  corrector. 


Apparent  Elevation 
Angle  (Deg) 

Astronomical 
Refraction  (Min) 

Apparent  Elevation 
Angle  (Deg) 

Astronomical 
Refraction  (Min) 

2 

18.2 

10 

5.3 

2.5 

16.0 

11 

4.8 

3 

14.3 

12 

4.6 

3.5 

12.8 

14 

3.8 

4 

11.6 

16 

3.3 

4.5 

10.7 

18 

2.9 

5 

9.8 

20 

2.6 

5. 5 

9.0 

25 

2.0 

6 

8.4 

30 

1.7 

6.5 

7.8 

40 

1.2 

7 

7.3 

50 

0.8 

7.5 

6.9 

60 

0.6 

8 

6.5 

70 

0.4 

8.5 

6.1 

80 

0.2 

9 

5.8 

90 

0.0 

9.5 

5.5 

(a)  See  Reference  17. 

Accordingly,  to  properly  adjust  the  chromatic  corrector,  the  elevation  angle  E  must 
be  known  so  that  d0  can  be  calculated  from  the  above  expression.  Also ,  the  telescope 
rotation  angle  R  must  be  known  so  that  the  corrector  element  can  be  properly  oriented 
with  respect  to  the  telescope  barrel. 

Expressions  for  angles  E  and  R  are  derived  in  Appendix  VII  in  terms  of  the 
following  principal  mount  angles: 

•  Site  latitude  base  tilt  angle  =  j3 

•  Right  ascension  angle  =  y 

•  Declination  angle  =  a 

These  expressions  are  as  follows: 


E  =  tan 


-l 


sing  cos/3  cosy  +  sing  siny 


2  2  .  2  .  2„  2  2  2  „  1/9 

(cos  a  cos  y  +  sin  a  sm  p  cos  y  +  cos  p  sm  y-2  sma  sinj3  cos/S  siny  cosy)-1^ 


R  =  cos 


-1 _ cos  a  cos  p _ 

2  2  2  1/2 

[(sing  cos p  cosy  -  cos p  siny)  +  cos  geos  y] 


The  zero  reference  for  angle  R  is  established  in  the  telescope  body  by  setting  a  ,  0,  and  y 
to  zero  and  rotating  the  chromatic  corrector  so  that  its  angular  dispersion  axis  is  vertical. 
(See  Appendix  VII  for  an  exact  definition  of  angle  R. ) 


In  normal  operation  the  chromatic  corrector  will  be  adjusted  at  intervals  rather  than 
continuously.  As  discussed  subsequently,  these  adjustments  can  be  made  at  the  same 
intervals  as  those  required  for  diffraction  correction. 


It  is  assumed  that  no  targets  below  a  20-der  elevation  angle  will  be  tracked.  The 
maximum  chromatic  correction  will  be  required  at  the  smaller  elevation  angles;  at 
zenith,  no  correction  is  required.  In  going  from  a  20-  to  25-deg  elevation,  d  0  changes 
in  20  min  by  0.  635  p  radians.  If  the  proper  correction  is  made  at  20  deg,  this  spread  is 
sufficiently  small  to  avoid  the  need  for  correction  at  25  deg.  Since  both  rotation  and 
elevation  angle  are  involved,  an  update  once  every  5  min  is  considered  adequate.  The 
computation  therefore  should  be  performed  at  5-min  intervals,  and  the  data  communi¬ 
cated  to  the  measurement  equipment  operator. 

For  the  20-  to  25-deg  case  discussed,  the  change  in  atmospheric  refraction  will  change 
the  .pparent  position  of  the  target  by  0.  6  arc  min.  In  the  5-min  increment  selected  for 
updating  the  chromatic  corrector,  the  target  will  remain  within  the  quality  field  of  view. 
Therefore,  when  the  chromatic  correction  is  made,  the  SIS  should  be  bore-sighted.  This 
can  be  accomplished  manually  by  observing  the  SIS  error  outputs  while  the  mount  angles 
are  changed.  It  may  be  easier  to  recompute  the  declination  and  right  ascension  angles, 
using  the  error  outputs  at  5-min  intervals,  if  boresighting  is  found  difficult. 

It  should  be  noted  that  near  zenith,  corrections  are  not  necessary  and  computation  will 
not  be  required  for  elevation  angles  ±5  deg  from  90  deg.  The  chromatic  correction  will 
be  set  at  zero  when  tracking  stars  in  this  cone  angle. 

(c)  SIS  Signal  Outputs.  The  interface  signals  between  the  measurement  equipment  and 
the  data  processor  were  previously  shown  in  Figure  39.  With  the  exception  of  the  "valid 
data"  signals,  all  of  the  signals  are  generated  in  the  SIS.  The  "val;d  data"  signal  will  be 
generated  in  an  OR  circuit.  One  input  will  come  from  the  SIS  (target  presence  signal), 
and  the  other  will  come  from  an  operator-controlled  switch  which  will  be  activated  at  the 
discretion  of  the  operator  in  response  to  system  outputs.  The  various  signal  outputs  from 
the  SIS  are  described  in  detail  in  Section  IV,  5,  c  ,  (2). 

(d)  System  Timing.  System  timing,  with  respect  to  data,  will  employ  a  40-kHz  ±10- 
percent  clock  in  the  data  processor.  The  SIS  output  signals  will  be  synchronized  to  this 
signal.  Adequate  delays  will  be  incorporated  to  assure  that  data  are  available  when  the 
SIS  is  interrogated.  The  timing  details  will  be  worked  out  during  the  implementation 
phase.  In  addition,  an  accurate  clock  in  GMT,  maintained  to  an  accuracy  of  1  sec,  is 
necessary  for  the  data  processing  unit  to  provide  target  pointing  data. 

(2)  Equipment  Setup.  Prior  to  setting  up  the  equipment  at  a  site,  some  preparation 
will  be  required  to  provide  a  pier  for  the  mount.  Since  the  measuring  equipment  is  ex¬ 
tremely  sensitive,  the  site  selected  should  be  located  at  a  reasonable  distance  from 
roads  which  are  subject  to  heavy  vehicular  traffic  or  other  sources  of  potential  acoustic 
and  mechanical  vibration.  The  location  of  the  site  must  be  fairly  accurately  known;  a 
second-order  survey  is  considered  adequate. 

The  pier  should  be  in  the  order  of  3  ft  deep,  depending  on  local  geological  conditions. 

An  overall  pad  approximately  14  ft-in. -diameter  is  required  for  the  astrodome  but 
need  not  be  of  uniform  depth.  Figure  41  indicates  the  mounting  provisions  required 
ior  the  telescope.  The  sole  plate  (designed  for  the  latitude  of  the  site)  on  which  the 
mount  will  be  placed  will  be  imKedded  in  the  concrete,  leveled,  and  oriented  for  the 
particular  site.  Mounting  studs  for  the  astrodome  should  also  be  imbedded  ir  the 
concrete  to  facilitate  assembly.  Approximately  30  A  of  60-Hz,  120-V  power  will  be 
required.  If  a  motor-generator  set  is  used  to  supply  the  prime  power,  a  "quiet" 
unit  should  be  selected  and  located  at  least  100  ft  from  the  mount. 
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The  measurement  equipment  will  be  delivered  to  the  site  in  disassembled  form.  The 
astrodome  can  be  assembled  in  one  day  using  local  labor  and  an  equal  amount  of  time 
will  be  required  for  the  telescope  and  mount.  If  the  mount  and  telescope  should  be 
procured  from  Boiler  and  Chivens,  it  is  considered  desirable  to  have  their  personnel 
perform  the  assembly  and  alignment.  Lifting  equipment,  either  a  fork  lift  or  small 
crane,  will  be  necessary  since  some  of  the  components  cannot  be  safely  lifted  and  put 
in  place  without  mechanical  assistance. 

The  optical  and  mechanical  alignment  procedures  will  be  similar  to  those  employed 
when  setting  up  a  conventional  astronomical  telescope.  Some  additional  alignment 
will  be  necessary  because  of  the  added  complexity  of  the  optical  system  and  the  use 
of  the  SIS.  The  overall  alignment  is  considered  to  be  well  within  accomplishment  by 
means  of  standard  techniques  and  instrumentation.  The  detailed  alignment  procedures 
will  be  developed  during  the  implementation  phase  of  the  program. 

(3)  Equipment  Operation.  After  the  equipment  has  been  installed,  aligned,  and 
checked  out,  the  operator  will  proceed  as  follows: 

(a)  Set  the  experimental  initial  parameters  (i.e. ,  focal  length  into  the 
system.) 

(b)  Turn  on  measurement  equipment  1  hr  before  start  of  data  taking. 

(c)  Enter  data  on  declination  angle,  right  ascension  angle,  telescope  rotation, 
and  chromatic  correction,  using  mount  hand  paddle  and  calibrated  dials  on  the  tele¬ 
scope  for  this  purpose. 

NOTE:  These  data  are  computed  to  be  valid  after  a  short  period 
(e.g. ,  2  min)  to  allow  sufficient  time  to  make  the  above 
settings. 

(d)  On  receipt  of  a  signal  from  the  computer,  indicating  time  tracking  must 
start,  switch  the  mount  Into  its  tracking  mode. 

(e)  If  the  target  presence  signal  (indicating  target  acquisition  and  usually  received 
within  30-sec  of  operation)  is  not  received  after  approximately  2  min  have  elapsed, 
repeat  steps  (c)  and  (d)  above.  If  a  target  is  not  acquired  after  a  third  attempt,  check 
the  system  to  determine  reason  for  nonacquisition.  Check  functional  alignment  and 
obtain  computational  verification;  also  determine  if  cloud  coverage  or  other  weather 
conditions  are  preventing  target  acquisition. 

(f)  During  data-gathering  periods,  monitor  output  signals;  notify  data-processing 
system  (by  means  of  DATA-VALID  switch)  if  a  tracking  problem  should  occur. 

(g)  Tracking  will  continue  for  5  min  or  more  until  computer  determines  that  the 
initial  system  settings  require  change.  At  that  time,  the  computer  will  transmit  a 
Stop  signal  and  updated  data  for  target  designation  and  telescope  rotation.  Reset 
telescope  controls  accordingly. 

(h)  Shut  down  system  at  end  of  scheduled  data  acquisition  period. 
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DATA  ANALYSIS  AND  RECORDING  SUBSYSTEM 


a.  General  Considerations 

This  section  presents  the  results  of  the  effort  to  define  the  data  processing  and  re¬ 
cording  requirements  of  the  Atmospheric  Transmission  Measurement  (ATM)  System, 
and  to  prepare  a  preliminary  design  of  a  facility  to  meet  these  requirements.  A 
further  function  of  the  facility  was  to  perform  certain  computations  required  for 
experiment  initiation,  such  as  generation  of  telescope  pointing  commands,  and  for 
monitoring  and  altering  measurement  system  parameters  during  the  course  of  an 
experiment. 

Because  the  atmospheric  measurements  will  be  made  at  mountain-top  locations 
possibly  remote  from  data  processing  facilities,  it  was  considered  essential  to 
provide  for  on- side  preliminary  quick- look  data  analysis  of  selected  data  seg¬ 
ments.  Only  in  this  way  could  a  rapid  assessment  be  made  of  the  success  or 
adequacy  of  the  data-gathering  operations  just  completed.  Then,  as  necessary,  the 
measurement  conditions  for  subsequent  operations  could  be  modified  appropriately. 

In  addition,  the  data  processing  system  should  be  capable  of  preprocessing  the  raw 
star-sensor  data  so  that  it  could  be  recorded  in  a  form  suitable  for  subsequent 
detailed  analysis  at  an  established  computing  center.  These  considerations  together 
with  the  need  for  rather  complex  computations  to  be  performed  in  conjunction  with 
experiment  initiation  led  to  a  decision  early  in  the  study  program  to  employ  an  all- 
digital  approach  to  quick-look  processing,  data  recording,  and  ancillary  on-site 
computation  requirements. 

Section  IV,  3,  b  details  the  Processing  System  Concept;  Section  IV,  3,  c  presents  an 
overall  description  of  a  preliminary  system  design  including  both  the  hardware  and 
software  element"1.  Section  IV, 3, d  delineates  the  key  system  functions,  describes  the 
required  performance  characteristics,  and  presents  computer  configurations  which 
will  meet  these  requirements.  Section  IV,  3,  e  summarizes  the  processor  system 
characteristics  and  cost  tradeoffs. 

b.  Data  Processing  System  Concept 

The  data  processing  system  interfaced  with  the  star-sensor  will  be  used  for  the 
following: 

•  Assist  in  setting  up  and  initiating  the  star  tracking  experiments 

•  Convert,  process,  and  record  the  star  image  measurements  during  the 
experiments;  assist  the  experimenter  in  maintaining  the  propel  instrument 
settings  during  the  experiments 

•  Retrieve,  playback,  analyze,  and  display  selected  intervals  in  the  recorded 
data  to  provide  a  quick-look  processing  capability 


(1)  Setting  Up  and  Initiating  The  Experiments.  Prior  to  each  experiment,  the  following 
functions  mast  be  performed: 

(1)  Select  the  star. 

(2)  Select  the  time  to  begin  the  star  measurements. 

(3)  Adjust  the  telescope  parameters  so  that  the  star  image  is  properly  sized  in 
the  sensing  aperture. 

(4)  Set  the  telescope  and  optics  parameteis  to  correct  for  atmospheric  dispersion. 

(5)  Point  the  telescope  at  the  star  and  center  the  star  image  in  the  sensor. 

(6)  Initiate  the  measurements. 

The  data  processor  system  will  be  programmed  so  that  the  experimenter  can  log  the 
following  necessary  star  and  measurement  parameters: 

•  Star  identity 

•  Star  astro  table  for  which  data  may  be  logged  at  program  load  time 

•  Tracker  station  location 

•  Experiment  initiation  time 

•  Telescope  aperture  diameter  and  effective  focal  length 

•  Lata  scale  factors 

These  will  be  used  to  carry  out  the  experiment  and  document  the  experimentition 
conditions  of  the  recorded  measurement  data. 

Following  the  entry  of  the  experimental  parameters,  a  computer  program  will  be 
called  to  determine  the  telescope  pointing  commands  (i.e.,  right  ascension  and  declina¬ 
tion  angles)  on  the  basis  of  the  astro  table,  site  location,  and  initiation  time,  talcing 
into  account  corrections  for  atmospheric  refraction. 

The  program  will  also  determine  the  chromatic  correction  control  direction  and 
magnitude  settings.  The  experimenter  will  point  the  telescope  manually  and  perform 
the  chromatic  correction  settings.  If  the  star  is  somewhere  off-axis,  the  experimenter 
will  adjust  the  right  ascension  and  declination  angles  manually  to  place  the  star  image 
close  to  the  optical  boresight.  The  computer  will  display  the  time-to-zero  pointing 
error  so  that  the  experimenter  will  know  when  to  turn  on  the  telescope  sidereal  drive. 
The  star  should  be  acquired  by  the  tracker  within  26  sec  after  the  mount  is  activated. 
When  the  experimenter  observes  that  the  star  is  being  tracked  properly,  he  will  signal 


the  processor  that  the  SIS  measurements  are  valid  (i.  e.,  the  acquisition  procedure 
was  successful).  The  processor  will  then  initiate  the  experiment  and  commence 
processing  and  recording  the  SIS  data. 

(2)  Processing  and  Recording  the  SIS  Measurements.  During  the  experiment,  the 
processor  will  convert  and  record  the  SIS  data  together  with  a  running  voice  com¬ 
mentary.  Data  will  not  be  recorded  while  the  sidereal  rate,  declination  angle,  or 
chromatic  corrections  are  being  changed.  Sidereal  rate  and  declination  angle  are 
sufficiently  accurate  in  the  open-loop  mode  so  that  corrections  should  not  be  necessary 
for  periods  up  to  au  hour  of  tracking.  However,  if  target  lock-on  is  lost  or  the  image 
moves  to  au  area  of  poor  optical  quality,  the  SIS  will  alert  the  processor  and  the 
operator.  Data  recording  will  be  interrupted  by  the  processor  while  reacquisition  is 
accomplished.  The  reacquisition  procedure  is  essentially  the  same  a  ;  the  acquisition 
procedure. 

Chromatic  corrections  may  be  necessary  as  often  as  every  5  min.  The  processor  will 
compute  a  new  correction  every  5  min.  on  the  basis  of  current  telescope  elevation  and 
rotation  conditions.  If  the  correction  is  significantly  different  from  the  current  settings, 
the  processor  will  alert  the  operator  and  display  the  new  settings.  The  operator  will 
make  the  adjustments  manually.  This  adjustment  should  take  no  more  than  1  min. 

During  this  interruption,  the  data  status  line  to  the  processor  will  be  in  the  "invalid" 
state. 

During  an  experiment,  the  processor  will  be  recording  SIS  data  in  either  a  slow  or  a 
fast  mode.  Most  of  the  data  collected  during  an  experiment,  which  could  last  1  to  2  hr, 
will  be  recorded  in  the  slow  mode  (at  I  to  2  kHz).  At  selected  times,  however,  the  mode 
will  be  changed  under  control  of  the  experimenter  to  the  fast  mode  (20  to  40  kHz)  which 
will  extend  over  a  1-  to  3-min  interval.  At  the  end  of  this  interval,  the  processor  will 
return  to  the  slow  mode.  The  fast-mode  operation  is  to  be  conducted  while  SIS  data 
status  is  "valid,"  i.e.,  between  chromatic  corrections  or  mount  axes  updates. 

If  more  data  are  received  during  an  experiment  than  can  be  recorded  on  one  magnetic 
tape,  data  recording  will  be  interrupted  (i.e. ,  the  data  status  wiU  be  made  invalid)  while 
a  new  reel  is  mounted  manually;  the  mounting  should  require  no  more  than  a  5-min  pause. 

During  the  initiation  and  execution  of  an  experiment,  the  output  of  an  external  clock 
source  of  40,  000  Hz  will  be  supplied  to  the  SIS  system  and  the  sensor  data  multiplexer. 
This  basic  clock  rate  could  be  set  at  any  frequency  in  a  ±10%  range. 

During  the  experiment,  a  display  will  be  available  to  selectively  examine  SIS  data  being 
sent  to  the  processing  system.  With  this  equipment  the  experimenter  will  be  able  to 
continuously  monitor  the  pertinent  system  outputs  and  perform  remedial  action  as 
necessary. 
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The  characteristics  of  the  SIS  and  voice  signals  to  be  processed  and  recorded  are 
shown  in  Table  6  : 


Symbol 


Table  6  .  SIS  and  Voice  Signal  Characteristics 


Digitizing 


i - 

Signal^ 

(V) 

Tracker  Azimuth 
Error 

±2.5 

Tracker  Elevation 
Error 

±2. 5 

Star  Intensity 

0  to  5 

Background 

Intensity 

0  to  5 

Voice  Commentary 

±5 

Slow  Mode 

Fast  Mode 

1 

20  ±5 

1 

20  ±5 

2 

40  ±10 

1  Hz 

1  Hz 

3 

3000 

(a)  Ai,  Ei,  Ii  and  BK  are  referred  to  as  X-error,  Y-error,  target  amplitude  (or  star 
intensity),  and  background,  respectively,  in  Section  IV,  2. 

(b)  These  rates  were  selected  as  a  basis  for  initial  design  of  the  data  processing 
system  as  being  representative  of  the  maximum  rate  of  probable  interest.  System 
designs  using  75  and  50  percent  of  these  rates  will  be  developed  later  in  this 
section. 


(3)  Post-Experiment  Quick-Look  Processing.  An  on-site  quick-look  processing 
capability  will  be  required  following  the  completion  of  an  experiment.  This  provision 
will  enable  the  experimenter  to  select  an  interval  of  the  recorded  measurements  on 
the  basis  of  the  Greenwich  Mean  Time  (GMT)  at  which  it  actually  started  and  request 
that  it  be  played  back,  analyzed,  and  displayed.  Following  are  analyses  which  may 
be  performed  on  the  data  collected  during  the  fast  recording  mode: 

I.  1-msec  Averaging  Interval  (500-Hz  Effective  Bandwidth) 


1  21 

(a)  Azimuth  ms  tracking  error  A.  =  -gr  2  A. 

3  40  i 


(b)  Elevation  rms  tracking  error  E^  =  — 
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tvwvwrt  ATf-'-^ 


S  * 

(c) 

where  the  Ai  and  Ej,  i=  1(1)20,  are  the  tracker  error  signals  sampled 
at  the  nominal  20K  sample/sec  rate  over  a  1-msec  interval. 

-  1  40 

Star  intensity  I.  =  —  2  I.  —  B, 

]  4U  •_-£  1  K 

(d) 

Log  Star  intensity  L.  =  Logg  L 

f 

where  the  l£,  i  =  1(1)40,  are  the  tracker  video  output  samples  taken  at 
the  nominal  40K  samples/sec  rate  over  a  1-msec  interval. 

5 

II.  100- 

-msec  Averaging  Interval: 

(a) 

Azimuth  rms  noise*- ^ 

°AS 


2000 


2000  .  2  1  Ai  Ai+1  ^ 

1=1 


1/2 


_  i  100  _ 

A  =  100  ,S  Aj 

F 1 


from  item  I,  (a)  above. 


(b)  Elevation  rms  noise 

(TrS  1 

2000 

1 


2000  __  5 

2  Ei  '  Ei  +  1  ~  <E> 
i=  1 


100 


1/2 


E  =  ~rr  2  E .  from  item  I,  (b)  above 

1  j=l  J 


(c)  Star  mean  intensity 


_  ,  100  _ 

I==l00  *  Jj 

Fl  J 


from  item  I,  (c)  above 


17 


This  method  of  calculating  oA  avoids  biasing  of  the  result  by  uncorrelated  photo¬ 
current  noise,  as  demonstrated  in  the  addendum  to  Appendix  V.  The  quantity  actually 
calculated  is  the  covariance  of  the  sampled  output  variable  A  with  a  time  shift  of  one 
sample  period.  When  precautions  are  taken  in  the  measurement  system  to  avoid 
artificially  introducing  correlation  over  this  period  of  the  photocurrent  noise,  this 
method  averages  out  the  contribution  to  cr  of  this  noise. 
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(d)  Mean  log  intensity 


L-  JL 
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(e)  Variance  of  log  intensity 

a2  i  100  - 
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from  item  I,  (d)  above 


V ' (L) 


where  Aj ,  Ej ,  Ij ,  and  Lj  are  averages  computed  every  1  msec  as 
specified  in  items  I,  (a)  through  (d)  above.  The  summations  extend  over 
a  100-msec  interval. 

c.  Overall  Description  of  Data  Processing  System 

The  data  processing  needs  of  the  ATM  system  can  be  met  by  use  of  a  computer  facility 
with  the  conversion,  processing,  recording,  and  display  capabilities  depicted  in 
Figure  55.  The  physical  size  of  a  typical  implementation  of  this  facility  is  suggested 
in  Figure  56. 

(1)  Functional  Elements  and  Data  Flow.  The  computer  with  adequate  internal 
memory  to  handle  program  code  and  data  buffers  will  be  interfaced  with  a  number  of 
peripheral  equipment  units  3S  shown  in  Figure  55.  The  SIS  analog  data  and  exper¬ 
imenter  voice  commentary  will  be  converted  to  digital  form  by  a  multiplexer  and 
A/D  converter  under  control  of  an  external  clock  with  frequency  dividers  which 
generate  interleaved  timing  pulses  at  the  nominal  rates  of  40,  20,  and  3  kHz  and  at 
1  Hz,  respectively,  on  separate  lines.  These  lines  will  control  the  multiplexer's 
selection  of  the  SIS  and  voice  data  (I  at  40  kHz,  A  and  E  at  20  kHz,  V  at  3  kHz, and 
B  at  1  Hz)  so  that  they  are  periodically  sampled  and  digitized  in  an  interleaved 
systematic  manner.  The  40  kHz  line  will  also  be  fed  to  the  SIS  to  control  its 
cruciform  scan  pattern. 

The  SIS  operating  status  will  be  indicated  on  the  tracker  status  line:  successful 
target  acquisition  or  reacquisition  will  produce  a  "true"  state  on  the  line;  otherwise, 
there  is  a  "false"  state  on  the  line.  The  experimenter  can  override  the  SIS  indication 
by  controlling  the  state  of  his  experiment  status  line.  These  lines  are  ANDed 
together  so  that  the  data  status  line  is  in  a  true  state  only  if  both  the  SIS  and 
experimenter  agree  that  the  SIS  analog  data  is  valid.  The  computer  interface  sends 
an  interrupt  to  the  computer  whenever  the  data  status  line  state  changes  from  false 
to  true  or  true  to  false. 
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Figure  55  Data  Processor  System  Hardware 


Figure  56  Typical  Processor  Hardware  Configuration 


A  CRT  alphanumeric  (CRT/AN)  display  situated  near  the  SIS  displays  the  telescope  point¬ 
ing  commands  and  chromatic  correction  adjustments  to  the  experimenter  for  setting 
up  an  experiment.  It  is  also  used  during  an  experiment  to  alert  the  experimenter  that 
a  chromatic  correction  update  is  required.  If  the  tracker  loses  the  star  image,  or 
requires  pointing  adjustments  to  recenter  the  star  on  the  SLS  boresight,  the  SIS  tracker 
status  is  changed  to  the  false  state.  The  computer  then  interrupts  the  data  recording 
and  alerts  the  experimenter  that  the  SIS  requires  attention.  This  CRT/AN  display  will 
also  have  a  keyboard  so  that  the  experimenter  can  control  the  computer  at  his  telescope 
module  location;  that  is,  he  will  be  able  to  set  up  and  initiate  the  experiment,  monitor 
its  progress,  and  carry  out  varied  post-experiment  data  analyses  if  desired. 

A  GMT  clock  is  interfaced  with  the  computer  aud,  when  interrogated,  will  output  the 
current  time  in  hr/min/sec.  During  slow-mode  data  recording,  the  computer  will 
regularly  read  the  GMT  (when  interrupted  by  the  real-time  clock  interval  timer)  so 
that  it  can  check  for  possible  chromatic  correction  updates  at  regular  5-min  intervals. 
These  readings  will  also  be  used  to  time-tag  the  data  being  recorded  on  magnetic  tape. 
These  time  tags  will  occur  regularly  on  slew-mode  data  records,  and  on  the  first  and 
last  records  of  the  sequences  resulting  from  '  ‘-mode  data. 

The  magnetic  tape  drive  is  used  to  record  the  digitized  SIS  data  and  voice  commentary. 
The  SIS  data  is  averaged  before  being  stored  on  the  magnetic  tape,  the  averaging  time 
depending  upon  the  recording  mode  (fast  or  slow)  and  the  type  of  data.  (See  Section 
IV,  3,  b. )  (The  program  procedure  for  performing  these  averaging  operations  will  be 
discussed  later  in  Section  IV,  3,  d.)  The  tape  drive  will  also  be  used  to  load  the 
various  executive  and  operating  programs  and  certain  control  parameters.  Specifically, 
before  experiment  initiation,  a  software  program  tape  will  be  mounted  on  the  drive. 
Programs  necessary  to  initiate  and  execute  the  experiment  will  be  loaded.  The  astro 
tables  may  be  included  with  these  programs.  The  software  tape  will  then  be  dismounted 
and  a  data  recording  tape  mounted.  Following  the  termination  of  the  experiment,  the 
software  tape  will  be  int*  rchanged  with  the  data  tape;  the  data  analysis  programs  will 
be  loaded  into  the  computer;  and  the  data  tape  then  will  be  remounted.  (By  adding  a 
second  tape  drive  to  the  processor,  this  mounting  and  remounting  procedure  could  be 
eliminated;  however,  the  additional  expense  of  a  second  tape  drive  does  not  appear  to 
be  justified. ) 

A  strip  chart  recorder,  driven  by  selected  SIS  data  lines,  provides  the  experimenter 
with  graphic  displays  by  which  he  can  monitor  the  progress  of  the  experiment.  It  can 
also  be  used  in  conjunction  with  the  digital-to-analog  (D/A)  converter  during  post¬ 
experiment  analysis  to  view  selected  graphic  displays  of  the  processed  SIS  data. 

The  D/A  converter  can  also  be  used  to  drive  an  oscilloscope  or  speaker  under  timing 
control  from  the  external  clock  so  that  selected  SIS  data  or  voice  commentary  can  be 
output  with  respect  to  a  particular  time  base. 

(2)  Computer  Facility  Programs  and  Software.  Facility  programs  can  be  divided  into 
three  groups:  pre-experiment,  experiment,  and  post-experiment.  Some  program 
routines  will  appear  in  two  of  these  groups,  and  some  will  appear  in  all  three  groups. 
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The  executive  program  will  be  resident  in  the  computer  memory  during  all  three 

phases  of  an  experiment.  This  program  will  include  routines  to  perform  the  following:  * 

•  Index,  read,  and  format  programs  from  the  program  library  on  magnetic 
tape. 

•  Service  interrupts  from  the  real-time  clock,  SIS  data  status  line,  operator 
console  requests,  and  A/D  converter  channel. 

9  Control  program  routine  initiation  and  termination  transitions. 

Pre-experiment  programs  will  include  the  following  routines: 

•  Control  and  service  operator-computer  interaction  via  either  of  the  consoles. 

This  includes  responding  to  requests  for  machine  attention,  providing  guide 
lines  for  setting  up  the  experiment,  and  inputting  the  experimental 
parameters. 

•  Compute  the  telescope  pointing  commands  (using  the  Vandenberg  AFB 
program.  Appendix  VI, would  require  approximately  1000  minicomputer  words 
of  memory,  which  would  also  include  the  astro  tables  for  75  stars). 

•  Compute  chromatic  correction.  * 

•  Interrogate  the  GMT  clock. 

•  Control  D/A  conversion  of  standard  signal  levels  for  calibration  purposes. 

•  Display  sidereal  mount  switch-on  count-down  time. 

•  Execute  experiment  initiation. 

Experiment  programs  will  include  routines  as  follows: 

•  Control  and  service  interaction  via  consoles. 

•  Compute  chromatic  corrections  every  5  min  (which  also  requires  computa¬ 
tion  of  telescope  pointing  commands  using  star  data  and  GMT). 

•  Interrogate  the  GMT  clock. 

•  Handle  double  buffer  switching  as  required  to  store  the  A/D  converter  data. 

•  Handle  double  buffer  switching  for  magnetic  tape  output  records.  . 

•  Control  data  handling  rates,  depending  on  slow-  or  fast-mode  recording 
conditions  and  valid  or  invalid  SIS  data  status. 
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•  Perform  data  averaging  as  a  function  of  data  handling  rates.  For  example, 
control  of  the  recording  mode  can  be  carried  as  a  function  of  how  the  input 
data  from  the  /U)C  channel  are  processed  and  transferred  to  the  output 
buffers.  The  ADC  can  continue  at  the  nominal  83-kHz  rate.independent  of 
the  recording  conditions. 

•  Format  and  store  output  data  on  tape. 

Post-experiment  programs  will  include  routines  to  perform  the  following: 

•  Control  and  service  user  ''quick-look"  data  analysis  requests  as  determined 
by  the  GMT  measurement  interval  desired,  the  SIS  signals  of  interest,  the 
analysis  processes  desired,  the  output  mode  of  display,  etc. 

ft  Perform  the  signal  analysis  functions  as  previously  described. 

«  Retrieve  the  tape  records  for  a  given  GMT  interval. 

•  Control  D/A  converter  output,  and  hard  copy  printer  or  CRT/AN  display 
outputs . 

The  executive  routines,  and  those  which  will  be  run  during  the  experiment  will  be 
programmed  in  assembly  language  to  produce  compact  code  and  fast  execution  times. 
The  other  routines,  where  possible,  will  be  programmed  in  FORTRAN  IV  or  BASIC. 

d.  Performance  Characteristics 

The  hardware  configuration  shown  in  Figure  55  has  all  the  equipment  features 
necessary  to  carry  out  the  ATM  measurement  function.  The  capabilities  of  this 
equipment  will  depend  on  the  input  data  sampling  rates  and  the  data  analyses  require¬ 
ments  imposed  on  the  processing  system.  The  two  key  requirements  that  most 
affected  the  system  design  were:  (I)  providing  the  experimenter  with  a  way  of 
obtaining  quick-looks  at  the  measured  data  at  the  measurement  site,  and  (2)  enabling 
the  experimenter  to  sample  the  SIS  data  at  a  nominal  80-kHz  rate  (100-percent  sam¬ 
pling  rate,  all  data)  at  selected  1-  to  3-min  intervals  during  an  experiment.  To 
meet  the  first  requirement,  a  recording  procedure  was  adopted  that  produces  results 
that  can  be  easily  accessed,  processed,  and  displayed.  Real-time  A/D  conversion 
was  used,  and  the  reduced  results  recorded  with  GMT  tags. 

To  mee+  the  second  requirement,  a  data  averaging  process  is  to  be  carried  out 
concurrently  with  the  data  sampling  process.  In  this  way  the  quantity  of  data  which 
must  be  recorded  during  the  fast  mode  is  reduced  by  a  factor  of  80.  Such  a  reduction 
is  possible  because  post-experiment  analysis  uses  SIS  data  averaged  over  no  less 
than  1  msec. 


(1)  Data  Conversion,  Processing,  and  Recording.  In  the  high-speed  mode,  there  are 
three  crucial  data  conversion,  processing,  and  recording  functions,  that  is,  functions 
to  be  accomplished  in  real  time.  These  are  as  follows: 

•  Conversion  —  SIS  signals  Aj.,  Ei,  and  Ij  will  bo  periodically  sampled  at 

20,  20,  and  40  kHz,  respectively,  and  quantized  to  7, 7,  and  10-bit  accuracy, 
respectively.  Also,  the  voice  commentary  Vj  will  be  sampled  at  3  kHz  with 
7-bit  accuracy,  and  the  background  B^will  be  sampled  at  1  Hz  with  7-bit 
accuracy. 

•  Processing  —  SIS  signals  will  be  averaged  in  the  following  way  over  consecu¬ 
tive  1-msec  intervals: 
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In  the  post-experiment  analyses,  other  arithmetic  must  be  performed  on  the 
averages  as  specified  in  Section  IV,3,b(3). 

•  Recording  —  At  regular  intervals,  the  above  averages  must  be  blocked  to¬ 
gether  with  the  sampled  voice  signal  and  the  GMr;  tags,  then  written  out  on 
magnetic  tape. 

The  tradeoff  between  sampling  rate  and  facility  cost  has  been  established  for  IOC,  75 
and  50  percent  of  the  nominal  sampling  rate  requirements.  For  the  100-percent  case, 
three  minicomputers  were  considered.  One  of  the  better  of  these  designs  was 
reconfigured  for  the  75-  and  50-percent  cases. 

(2)  100-Percent  Sampling  Rate  Requirement.  The  Data  General  NOVA,  Digital 
Equipment  PDP  11,  and  Varian  Model  73  minicomputers  with  supporting  peripherals 
were  considered.  The  NOVA  and  PDP  11  designs  cost  approximately  the  same.  The 
Varian  Model  73  configuration  cost  is  30  percent  higher.  Following  is  a  description 
of  the  NOVA  design,  itemized  to  illustrate  the  method  used  to  establish  system  costs. 

(a)  NOVA  Design.  The  operating  approach  in  this  design  provides  for  organizing  the 
main  memory  into  two  pairs  of  buffers  -  one  pair  to  handle  the  input  ADC  data  from 
the  tracker  and  voice  commentary  and  the  other  pair  to  handle  the  output  data  being 
written  on  magnetic  tape.  The  data  are  transferred  on  the  high-speed  data  channel 
which  is  operated  so  as  to  have  direct  access  to  the  main  memory.  In  this  mode,  the 
central  processor  sets  up  the  controls  to  transfer  a  data  word  from  the  A/D  converter 
to  the  memory,  or  from  the  memory  to  the  magnetic  tape  controller  on  a  "cycle- 
stealing’’  basis  without  interrupting  the  problem  program.  Thus  the  data  channel  is 
multip  exed  under  control  of  the  converter  and  magnetic  tape  controllers  to  accom¬ 
modate  the  input  and  output  ata  streams,  respectively.  The  operation  of  the  problem 
program  is  unaffected  by  this  cycle  stealing  and  continues  computing  the  averages 
and  performing  certain  bookkeeping  functions. 


Two  buffers  are  used  on  the  input  data  so  that  the  data  channel  can  be  filling  up  one 
buffer  while  the  problem  program  averages  data  from  the  other  buffer.  When  the  first 
buffer  is  filled,  the  problem  program,  if  suitably  coded,  will  have  completed  the 
averages  for  data  in  the  latter  buffer.  The  roles  of  the  buffers  are  then  switched. 

A  similar  dual-buffer  switching  technique  is  used  for  the  output  data.  The  size  of 
these  buffers  depends  on  the  bookkeeping  overhead  in  the  time  budget  dictated  by 
real-time  operation.  A  detailed  analysis  of  timing  is  given  in  Appendix  VIII  from 
which  the  following  equipment  requirements  were  determined.  Since  a  considerable 
variety  of  computation  and  processing  will  be  carried  out  before  and  after  an  experiment, 
the  core  memory  is  configured  to  support  FORT'  .AN  programs.  The  NOVA  FORTRAN 
compiler  needs  at  least  8,  000  words  of  main  memory  to  compile  and  run  such  a  program. 

An  external  clock  with  frequency  dividers  will  be  required  in  order  to  generate  commands 
for  sampling  of  the  tracker,  voice  and  background  signals  at  appropriate  interleaved 
times  and  for  control  of  SIS  timing. 

The  NOVA  configuration  (Table  7  )  will  meet  the  crucia!  onversion,  processing, 
and  recording  requirements  for  the  80-kHz  sampling  rate  case  with  a  40-percent 
design  margin.  (See  Appendix  VIE,  Section  4.) 


Table  7  .  NOVA  (Data  General)  Configuration  and  Costs 


Model 

Description 

Cost 

Discount 

Cost 

Central  Processor 

Supernova  SC  Central  Processor 

$  5,040 

Semiconductor  (SC)  Memory  (2048-Word) 

4,760 

Core  Memory  (4.<96-Word) 

3,285 

Supernova  SC  Memory  Expansion  Chassis 

1,850 

1, 6G5 

High-Speed  Multiply /Divide  Unit 

1,600 

1, 440 

8009 

High-Speed  Data  Channel 

855 

Subtotal 

$17, 045 

TTY  Console  With  Interface 

4007 

I/O  Interface  Subassembly 

$  200 

4010/SN 

Teletype  I/O  Interface  for  33ASR, 

33KSR,  35KSR 

Teletype 

150 

128 

4010A/SN 

1,250 

Subtotal 

$  1,558 
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007 

010/! 

023 

01CX 


4040 

4041X 

4045/SN 


4014(2) 
4032(2)  SN 
4055A(2)/ 
SN 

4055K 

405  5M 

4055D 

4055C 

40551 

4037/SN 

4056A 

4056B 


Description 


CRT  Console  With  Interface 

I/O  Interface  Assembly 
Teletype  Interface 
Vo1tage  I/O  Interface  (EIA-type) 
Keyboard  CRT  for  Alphanumeric 
Display  and  Input 


$  200 
150 
100 
2, 400 


Subtotal 


Interfaces  for  Digital  Clock,  Status  Line, 


General-Purpose  Interface  Board 
Dual  16-Bit  Input  Register 
General-Purpose  I/O 


Subtotal 


A/D  and  D/A  Converter  Subassembly 


I/O  Interface  Subassembly 

Basic  A/D  Interface 

A/D,  D/A  Chassis  and  Power  Supply 

Timing  and  Control 
Multiplexer  (8-channel) 

A/D  Converter  (10  bits) 

A/D  Converter  (8  bits) 

Buffer  Amplifier 
D/A  Converter  Control 
Timing  and  Control  for  All  D/A  Conver¬ 
ters  in  Chassis 
D/A  Converter  (8  bits) 


$  400 

1, 400 
1,800 


Subtotal 


Magnetic  Tape  Transport 

Magnetic  Tape  Control 
Transport  9  (or  7)  track  (45  ips, 
800  bpi;  WANG  1045) 


H,  ooo 

5,  900 


Subtotal 


Total  Cost 


(a)  With  10-percent  discount;  approximately  60  days  delivery 


Discount 

Cosf 


180 

128 

90 

2,160 


$  2,558 


$  405 

90 
180 


$  675 


$  340 

1,190 
1,800 


$37, 378(a* 
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(b)  Other  Equipment.  Computer  costs  for  PDP  11  and  Varian  73  Equipment  are  sum¬ 
marized  in  Table  8  tor  the  100-percent  sampling  rate , 


Table  8  .  PDP  11  and  Varian  73  Equipment  Description  and  Cost 


Model 

Description 

Cost 

PDP  11 

PDP  11/40  with  16-K  word  memory 

CRT/AN  Console 

Interfaces 

A/D  and  D/A  Assemblies 

Magnetic  Tape  Drive 

$19,995 

3,195 

800 

5, 040 

9,  950 

Total  Cost  (5-percent  Discount) 

$36, 080 

Varian  73 

Varian  73  with  12K  work  memory 

CRT/AN  Console 

Interfaces 

A/D  and  D/'A  Assemblies 

Magnetic  Tape  Drive 

$30,250 

3,610 

1,100 

8,140 

9,  000 

Total  Cost  (without  Discount) 

$52, 100 

(3)  75-Percent  Sampling  Race  Requirement.  The  NOVA  solution  for  the  ICO-percent 
case  provides  a  40-percent  safety  margin.  A  comparable  margin  can  be  achieved 
for  the  75-percent  case  by  replacing  the  semiconductor  memory  with  a  core  memory. 
(See  Appendix  VIII,  Section  4.)  Specifically,  with  respect  to  the  previous  NOVA 
itemization: 

Model  Cost 

Replace:  2  ea  8012  SC  memory  $5,600 

1  ea  8003  core  memory  3,650 

$9,  250 

With:  1  ea  8015  core  memory  $4,  900 

The  new  total  cost  (discounted)  would  then  be  $33,463. 
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(4)  50-Percent  Sample  Rate  Requirement.  A  40-percent  margin  can  be  achieved  by 
replacing  the  super  NOVA  with  a  NOVA  800.  (See  Appendix  vm,  Section  4.)  With 
respect  to  the  first  NOVA  itemization: 


Model 

Cost 

Replace: 

1  ea  8001  Super  NOVA 

$5,600 

2  ea  8012  SC 

5,600 

1  ea  8003  core 

3,650 

$14, 850 

With: 

1  ea  8201  NOVA  800 

$3, 600 

1  ea  8215  Core  memory 

4,  400 

$8, 000 

The  new  total  cost  (discounted)  would  then  be  $31,213. 

(5)  Clock  Reference.  Greenwich  Mean  Time  in  hrs/min/sec  is  to  be  used  within  the 
computer  to  document  each  experiment  and  to  determine  tracker  pointing  commands, 
and  atmospheric  refraction  and  dispersion  corrections  from  the  star  almanac  or  astro 
tables. 

One  instrument  that  will  adequately  satisfy  this  need  is  the  Model  30031200  clc*  k  built 
by  Chrono-log  Corp. ,  2583  West  Chester  Pike,  Broomall,  Pa.  19008.  A  brief  itemized 
description  is  given  in  Table  9  . 


Table  9  .  Clock  Description  and  Cost 


Model  Code 

Description 

Cost 

Clock  Ranges 

o 

II 

< 

23  hr,  59  min,  59  sec 

$495 

Time  Base 

C=  3 

External  1-  to  5-MHz 

142 

Power  Supply 

D  =  1 

115V  AC 

115 

Digital  Output 

E  =  2 

Serial  BCD  characters,  one 
for  each  clock  range  digit 

— 

Total  Cost 

$752 

(6)  Strip  Chart  Recorder.  There  is  a  need  to  record  and  display  the  four  tracker 
signals  for  azimuth,  elevation,  intensity,  and  background,  with  an  instrument  which 
will  operate  independently  of  the  computer  facility.  This  instrument  is  to  be  used  in 
setting  up  each  experiment  and  in  monitoring  the  experiment  during  critical  intervals. 
One  which  will  adequately  satisfy  this  need  is  built  by  the  Honeywell  Test  Instrument 
Division,  Sunnyvale,  Ca.  A  brief  description  and  costs  are  shown  in  Table  11. 


Table  10 .  Strip-Chart  Recorder  Description  and  Cost 

Model  Description  Cost 

1508B  Visicorder  oscillograph;  uses  UV 

writing,  nonpermanent  0. 1  in.  to  150 

in/sec  frequency  response-dc  to 

24  kHz  $4,975 

117-04  (4)  Interface  Modules  and  Amplifiers  860 

Total  Cost  $5,  835 


e.  Summary 

The  computer  facility  which  will  meet  the  data  analysis  and  recording  requirements 
of  the  Atmospheric  Transmission  Measurement  System  is  shown  in  Figure  55 . 
Hardware  itemizations  using  NOVA  minicomputer  configurations  for  the  100%,  75% 
and  50%  of  nominal  (80  kHz)  sample  rate  are  given  in  Section  4.3.4.  These 
configurations  were  derived  on  the  basis  of  the  key  input/output  bound  and  compute 
bound  functions.  Analysis  for  the  computer  bound  functions  are  given  in  Appendix  G. 
Table  11  summai  .ies  the  cost/performance  tradeoff  for  this  application: 

Table  11.  Cost/Performance  Tradeoff 


Nominal 

Sampling  Rate 

NOVA 

Computer 

($) 

GMT 

Clock 

($) 

Strip  Chart 
Recorder 

($) 

Total  Cost 
($) 

100  percent  (80  kHz) 

$38,378 

$905 

$5,835 

$45, 118 

75  percent  (60  kHz) 

34, 462 

905 

5, 835 

41,202 

50  percent  (40  kHz) 

32,213 

905 

5,  835 

38,953 

4.  EXPERIMENTAL  PROGRAM  DEFINITION 


a.  Measurement  Procedure 

The  first  measurement,  once  the  SIS  has  been  turned  on  and  is  tracking  the  star  of 
interest,  will  be  to  obtain  an  estimate  of  rQ .  This  result  will  then  be  used  to 
determine  the  instrument  settings  that  will  be  used  in  all  other  measurements.  This 
determination  will  be  made  once  every  half  hour  while  the  system  is  working.  To 
determine  r0 ,  the  operator  will  adjust  the  SIS  tracking  bandwidth  to  1  Hz  so  that  the 
system  will  be  functioning  essentially  in  the  static  mode.  The  telescope  aperture 
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diameter  D  will  then  be  varied,  and  the  average  signal  output  of  the  photodetector  I 
will  be  measured.  The  signal  processing  system  will  calculate  and  plot  the  ratio 
I/D2  against  D  to  determine  where  the  "knee"  of  this  curve  falls.  This  will  be  used 
as  an  estimate  of  r0 .  The  operator  will  then  make  30-sec  runs  at  diameter  settings 
of  0.3  r0,  0.5  r0,  0.7  r0,  1.0  r0,  1.2  r0,  1.5  rQ,  1.8  rQ,  and  2.2  r0,  respectively, 
first  with  a  servo  bandwidth  setting  of  1  Hz,  and  then  at  a  500-Hz  setting.  The  16  runs 
should  just  fit  into  two  5-min  tracking  blocks.  During  each  of  these  runs,  the  signal 
intensity  I  will  be  recorded,  as  well  as  the  servo  control  voltages  for  both  tracker 
channels.  Background  intensity  also  will  be  recorded. 

After  these  data  are  taken,  the  operator  will  set  the  telescope  aperture  to  1.5  r0  and 
will  determine  the  average  signal  intensity  I  at  the  full  500-Hz  servo  bandwidth  setting. 
He  will  then  determine  the  servo  bandwidths,  f.5  ,  f.  7  ,_f  9  >  f.  95  and  f^  9g,_which 
reduce  the  average  signal  intensity  to  0.  5  T,  0.7  T,  6. 9  I,*  0.  95  I,  and  o!  98  I, 
respectively.18  Five  minutes  is  allotted  to  these  measurements.  The  operator  will 
then  make  60-sec  data  recording  runs  with  the  servo  bandwidth  set  to  f.  5 ,  f.  7  ,  f.  9 , 
f.  95  >  and  f#  gg  ,  as  well  as  for  a  500-Hz  bandwidth.  This  will  take  approximately 
two  more  5-min  tracking  periods.  Subsequently,  there  will  be  an  approximate  5-min 
pause  before  the  basic  measurement  cycle  starts  over  with  a  redetermination  of  rQ . 

During  data  taking,  the  operator  will  keep  a  running  voice  log  on  one  track  of  the  data 
tape,  indicating  what  is  being  recorded  and  making  any  appropriate  comments  as  to 
the  conditions.  He  will  also  enter  onto  the  tape,  by  means  of  the  data  processor  remote 
keyboard,  a  log  number  for  each  data  section  which  can  be  read  by  a  computer,  and 
will  tag  the  data  sections  for  appropriate  computer  processing.  During  the  scheduled 
3-week  data-taking  period  at  each  site  (see  Section  IV,  4,b),  this  process  will  be 
conducted  on  a  continuous  basis,  day  and  night,  whenever  weather  permits,  up  to  a 
50-percent  duty  cycle. 

b.  Measurement  Schedule 

As  shown  in  Figure  the  program  is  divided  into  five  distinct  phases.  The  first 
phase  consists  of  equipment  procurement  (i.e.,  the  SIS)  and  preparation  of  a  test  site 
at  the  Lockheed  Palo  Alto  Research  Laboratory. 

The  second  phase  consists  of  operation  of  the  equipment  at  the  Palo  Alto  site  for 
acceptance  testing  and  operational  shakeout  of  the  equipment.  During  this  phase,  data 
taking  will  be  performed,  and  data  reduction  procedures  will  be  established. 

The  third  phase  of  the  program,  which  will  start  at  the  same  time  as  the  first  phase, 
but  completed  in  a  period  of  6  weeks  thereafter,  will  be  concerned  with  the  selection 
of  three  sites  at  which  to  gather  continuous  field  data.  Site  selection  early  in  the 
program  will  be  essential  to  ensure  that  proper  facilities  will  be  available,  when 
needed,  at  the  test  sites. 


IO  _ 

*  Rather  than  use  fractions  of  I  as  a  basis  for  selecting  frequency,  the  operator  may 

i  use  percentage  modulation  as  a  criterion.  This  choice  will  have  to  be  determined  later. 

I 

! 
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TEST  PLAN  REVIEW 


The  fourth  phase  will  consist  of  initial  operation  of  the  equipment  at  each  of  the  three 
sites,  establishing  procedures  for  transport  and  travel  to  and  from  each  site,  and  for 
working  at  each  site.  It  will  result  in  the  first  regular  block  of  field  data  for  each  site. 

The  fifth  phase  will  consist  of  three  cycles  of  operation  at  each  of  the  three  sites,  in 
the  manner  established  during  Phase  3,  but  with  less  time  spent  at  each  site  since  all 
of  the  procedures  will  have  been  worked  out  previously.  The  data  gathered  during  this 
phase,  in  combination  with  that  produced  during  Phase  3,  will  constitute  the  basic 
field  results  of  the  program. 

The  schedule  for  this  program  has  a  duration  of  137  weeks,  the  last  54  of  which  are 
the  routine  data  production  of  Phase  4.  The  first  39  weeks  are  devoted  to  the  equip¬ 
ment  procurement  of  Phase  1.  The  schedule  is  shown  in  Figure  57.  In  Figures  58 
and  59  the  subschedules  for  operation  at  the  sites  during  Phase  4  and  during  Phase  5, 
respectively,  are  presented. 

c.  Test  Plan  Review 

At  the  end  of  Phase  2,  the  test  plan  for  subsequent  data-gathering  operations  will  be 
reviewed  in  the  light  of  experience  gained  in  operating  the  system  at  the  Lockheed 
Palo  Alto  Research  Laboratory.  A  second  review  at  the  end  of  Phase  4,  before  the 
start  of  the  main  data-produetion  period,  will  be  held  to  take  advantage  of  experience 
gained  during  initial  field  operation  of  the  equipment. 


WEEKS 


ACTIVITY 


Takedown,  Transport 
and  Reassembly 

Start-Up  Activity 

Data  Gathering 


6  7  8 


Figure  58  Site  Operation  Schedule  for  Initial  Operation 
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ACTIVITY 


WEEKS 

2  3456789 


Takedown,  Transport, 
and  Reassembly 

Start-Up  Activity 

Data  Gathering 


Figure  59  Site  Operation  Schedule  for  Normal  Operation 


5.  MAJOR  COMPONENT  SPECIFICATIONS 

a.  General  Considerations 

This  section  presents  detailed  specifications  for  the  star  image  sensor  and  the  telescope. 
Although  the  sidereal  mount  is  also  a  major  component,  at  least  one  commercially 
available  unit  for  which  specifications  can  be  obtained  is  considered  satisfactory  for 
this  application,  and  specifications  for  the  sidereal  mount  have  therefore  not  been 
included  in  this  section.  Other  components,  such  as  the  astrodome  and  standard  test 
equipment,  are  also  not  covered  because  they  are  not  considered  major  components 
of  the  ATM  system. 

b.  Specification  for  Star  Image  Sensor 

(1)  Scope.  This  specification  defines  the  requirements  of  star  image  sensor  (SIS). 

The  SB  will  interface  with  an  experimental,  astronomical  quality  telescope  on  a  pre¬ 
cision  sidereal  mount.  The  SB  will  provide  two-axis  analog  angle  error  signals, 
image  intensity  signals  and  background  intensity  signals  on  selected  stellar  targets  in 
dark  or  daylight  environments. 
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(2)  Applicable  Documents.  The  following  specifications  and  drawings  are  required: 


•  Specification  for  experimental  telescope 

•  Specification  for  sidereal  mount 

•  System  mechanical  interface  drawing 

•  System  electrical  interface  drawing 

(3)  Requirements 

(a)  General  Background  Information  and  Operational  Description.  The  SIS  is  a  multi- 
mode  target  tracker  with  the  primary  function  of  providing  target  image  position  and 
intensity  information  in  real  time.  The  position  information  is  also  used  to  aid  sidereal 
mount  pointing.  A  typical  data-taking  sequence  is  as  follows: 

(1)  The  SIS  is  interfaced  with  the  telescope  on  the  sidereal  mount  —  mount  is 
designated  to  R.A.  and  declination  of  stellar  target. 

(2)  The  SIS  searches  an  area  1. 17-cm  square  (460  pradians  square  with  optics 
focal  length  of  25.4  meters)  on  the  detector  photocathode  for  the  target  image. 

(3)  Acquisition  of  the  target  image  is  effected  on  receipt  of  the  initial  video 
pulse.  A  tracking  mode  characterized  by  a  cruciform  scan  and  a  control 
loop  that  maintains  the  scan  on  the  target  image  begins  at  the  position  of 
acquisition.  Track-lock  is  maintained  as  the  target  image  moves  within 
the  1. 17-cm-square  area. 

(4)  The  target  image  is  boresighted  by  applying  the  SIS  position  signals  to  the 
sidereal  mount  drive.  This  type  of  closed-loop  pointing  will  not  be 
continuous  but  will  be  used  only  when  necessary  to  move  the  image  into 
the  quality  area  of  the  optics. 

(5)  During  track  lock,  two  coordinates  of  image  position  information  at  a 
10-kHz  sample  rate  each,  image  amplitude  information  at  a  20-kHz  sample 
rate,  and  the  ambient  background  level  information  in  a  1-Hz  bandwidth 
are  provided  by  the  SIS. 

(6)  A  limited  acquisition  scan  centered  at  the  final  target  position  will  be 
initiated  upon  non  commanded  loss  of  track  lock  in  order  to  minimize 
reacquisition  time. 

(b)  Physical  Measurements.  Following  are  pertinent  physical  measurements: 

•  Weight:  <  20  lb 

•  Size:  8  x  8  x  14  in. 
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•  Mounting:  TBD 

•  Alignment:  Electrical  and  mechanical  adjustments 

•  Connector:  TBD 

(c)  Electrical  Interface.  Following  are  the  electrical  interface  element  specifications: 

(1)  Power.  Power  will  be  made  available  to  the  SIS  from  a  115  ±10  V,  single¬ 
phase,  60-Hz  power  line. 

(2)  Signals 

(a)  Inputs  -  The  following  input  signals  will  be  provided  to  the  SIS: 

1.  Search  scan  command 

2.  Half  search  field  command 

3.  External  clock  —  40  kHz  ±  10  percent 

(b)  Adjustments  -  The  following  adjustments  wiU  be  available  and  calibrated: 

1.  Amplitude  sample  time 

2.  Track  loop  bandwidth 

(c)  Outputs  -  The  following  output  signals  will  be  provided  by  the  tracker  and 
synchronized  to  an  external  master  clock: 

1.  X  analog  error  signal  samples 

2.  Y  analog  error  signal  samples 

3.  Target  presence  (data  valid)  digital  level 

4.  Track  mode  digital  level 

5.  High  voltage  analog  signal 

6.  Image  intensity  analog  signal  samples 

7.  Background  analog  signal 

8.  Video  amplitude  analog  signal. 


(d)  Photodetector  Characteristics.  The  detector  of  the  SIS  will  be  an  F4012  RP  image 
dissector  manufactured  by  ITT  Electron  Tube  Division. 

(1)  Photocathode  Surface.  The  photocathode  surface  will  be  an  £-20  with  a 
minimum  responsivity  of  0.  055  A/W  at  0. 5  ft. 

(2)  Multiplier.  The  detector  multiplier  will  be  a  12-stage  type  with  a  minimum 
gain  of  5  x  105  at  1400  V. 

(3)  Dark  Noise.  The  maximum  dark  current  at  5  x  105  multiplier  gain  will  be 
5  x  10~3  A. 

(4)  Aperture.  The  internal  limiting  aperture  will  be  round  with  a  radius  of 
0.0043  cm  (0.0017  in.). 

(5)  Photocathode  Blemishes.  To  be  determined. 

(e)  Acquisition  Performance  Requirements.  Following  are  requirements  for  acquisition 
performance. 

(1)  General.  The  SIS  will  have  three  acquisition  modes,  i.e.,  modes  in  which 
the  operational  objective  is  to  search  a  large  field  for  the  target  image.  In 
all  acquisition  modes,  the  element  dwell  time  will  be  1.6  msec. 

(2)  Full  Field.  The  search  scan  will  be  a  256  x  256  element  raster  covering  a 
1-cm-square  area  of  the  photocathode.  The  frame  time  will  be  105  sec. 

(3)  Half  Field.  This  search  scan  can  be  commanded  in  lieu  of  the  full-field 
scan.  The  scan  will  be  a  128  x  128  element  raster  covering  a  0. 58-cm- 
square  area  of  the  photocathode.  The  frame  time  will  be  26  sec. 

(4)  Limited  Field.  This  search  scan  will  be  automatically  used  upon  loss  of 
tracklock,  except  when  commanded.  The  scan  will  be  a  32  x  32  element 
raster  covering  a  0. 15-cm  square  of  the  photocathode  centered  at  the  last 
tracklock  position.  The  frame  time  shall  be  6  sec. 

(f)  Tracking  Performance  Requirements.  The  following  requirements  have  been  set 
up  for  the  SIS. 

(1)  General.  In  the  tracking  mode,  the  SIS  will  provide  information  of  the 
target  image  position  and  amplitude  in  its  central  Airy  disc.  A  background 
level  outside  of  the  image  will  also  be  provided.  A  sweep  scan  timing 
format  as  shown  in  Figure  46  will  be  used  to  modulate  the  incoming  video. 

(2)  Track  Scan.  The  track  scan  frequency  will  be  approximately  5  kHz.  The 
amplitude  shall  be  set  to  minimize  the  video  off  time  consistent  with 
measurement  of  background  without  interference  from  star  image. 
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(3)  Track  Loop  Bandwidth.  The  track  loop  bandwidth  will  be  at  least  500  Hz. 

An  external  control  to  allow  setting  of  the  loop  bandwidth  between  1  Hz  and 
500  Hz  shall  be  provided. 

(4)  Track  Loop  Gain.  The  track  loop  gain  will  be  such  that  the  steady-state 
error  due  to  a  position  change  is  less  than  10  percent  of  the  limiting  aperture. 
The  position  change  amplitude  will  be  equivalent  to  50  percent  of  the  full- 
acquisition  field  or  to  the  size  of  the  optics-quality  circle,  whichever  is 
smallest. 

(5)  Signal  Amplitude  Sample  Time.  The  signal  amplitude  .,ample  will  be  taken 
during  the  time  at  which  the  ac  scan  currents  are  zero.  By  means  of  an 
external  control,  the  sample  time  ts  setting  (Figure  46)  will  be  variable 
between  0  to  35  Msec. 

(6)  Background  Sample  Time.  The  background  sample  time  t^ ,  (Figure  46) 
will  be  approximately  2  Msec. 

(g)  Output  Signal  Characteristics 

(1)  X  Error  and  Y  Error.  These  signals  will  be  analog  voltages  proportional 
to  the  distance  between  the  image  position  and  SIS  bore  sight  position.  The 
error  gradients  will  be  0. 020  V/0. 001  in.  (one-half  limiting  aperture).  The 
error  bandwidth  will  be  the  track  loop  bandwidth  and  therefore  selectable 
over  a  range  of  1  to  500  Hz.  The  following  characteristics  will  apply: 

(a)  Accuracy.  Data  taking  periods  will  probably  not  exceed  15  min.  During 
this  interval,  drifts  wiii  be  less  than  10  percent  of  the  limiting  aperture 
following  a  1-hr  warmup  interval.  Long-term  drifts  will  be  less  than  two 
limiting  apertures  (such  that  optics/SIS  alignment  will  not  be  required  more 
frequently  than  monthly). 

(b)  Precision.  The  tracking  precision  (noise  angle)  will  be  less  than  10  percent 
of  the  limiting  aperture  under  the  following  conditions: 

1.  Zero  visual  magnitude  or  brighter;  Class  G-0  star 

2.  Track  loop  bandwidth  of  <  500  Hz 

3.  Optics  collecting  aperture  diameter  of  20  cm 

4.  Amplitude  sensing  sample  lime  Ui  *•*  <J  ij  vj  vj 

(2)  Video  Amplitude.  The  video  amplitude  will  be  an  analog  signal  proportional 
to  the  total  radiant  intensity  (signal  and  background)  in  the  central  area  of 
the  image  Airy  disc.  The  signal  will  be  0  to  5  V  and  have  a  500-Hz  band¬ 
width.  For  the  same  conditions  as  those  noted  just  above  under  "Precision, " 
the  video  amplitude  S/N  ratio  will  be  a  15. 


~- —'  Tn  i'ii  '•'r-i  ii;  '  'J._  -*.  v '  ■ 
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(3)  Background  Level.  The  background  will  be  an  analog  signal  proportional  to 
the  background  radiance  near  the  target.  The  signal  will  be  0  to  5  V  and  have 
a  1-Hz  bandwidth. 


(4)  Image  Intensity.  The  image  intensity  will  be  an  analog  signal  proportional 

to  the  target  radiant  intensity  (without  background)  in  the  central  area  of  the 
image  Airy  disc.  The  signal  will  be  0  to  5  V,  and  derived  from  the  differential 
amplification  of  samples  taken  during  periods  t  (Figure  46)  and  the  back¬ 
ground  level.  s 

(5)  High  Voltage.  The  high  voltage  signal  will  be  an  analog  voltage  proportional 


to  the  detector  voltage  divider  current, 
the  SIS  is  in  operating  condition. 


The  signal  will  be  5  ±  0.  5  V  when 


(6)  Track  Mode.  The  track  mode  signal  will  be  a  digital  signal  in  which  a  high 
state  indicates  that  the  SIS  is  operating  in  the  track  scan  mode. 

(7)  Target  Presence.  This  signal  will  be  a  digital  type  in  which  a  high  state 
indicates  that  the  SIS  is  locked  onto  a  target  image  and  that  valid  position, 
amplitude,  and  background  signal  are  available. 

(h)  Environmental  Conditions 


(1)  Temperature.  The  SIS  with  alignment  will  meet  performance  specifications 
for  a  temperature  range  of  0°  to  100°  F.  The  SIS  will  meet  performance 
specifications  without  alignment  for  any  20°  F  temperature  range  (i.e., 
e:10°F  about  the  alignment  temperature)  within  the  overall  temperature 
range.  Temperature  changes  will  not  be  considered  for  short-term  drifts. 

c.  Specification  for  Telescope 

(1)  General  Description.  This  specification  describes  a  telescope  that  will  be  used 
in  an  atmospheric  effects  investigation  in  conjunction  with  other  equipment  to  analyze 
star  images.  A  pinhole  smaller  than  the  size  of  the  diffraction-limited  image  will  be 
used  in  the  measurement  system.  In  order  to  achieve  valid  results,  diffraction 
limited  operation  with  correction  for  aberrations  is  required.  The  equipment  will  be 
mobile  and  therefore  the  telescope  design  must  be  such  as  to  maintain  its  integrity 
over  temperature  and  vibration.  Adjustments  to  compensate  for  temperature 
variations  and  other  environmental  factors  will  be  permitted,  providing  that  they  can 
be  made  under  normal  field  operating  conditions  and  do  not  degrade  overall  optical 
performance.  The  design  will  minimize  the  effects  of  atmospheric  turbulence  within 
the  telescope  tube. 

(2)  Effective  Focal  Length.  The  focal  length  will  be  variable  from  136  to  1084  in. 

(344  to  2754  cm).  Either  zoom  or  discrete  stepping  can  be  used.  If  discrete  stepping 
is  employed,  at  least  seven  positions  are  required  to  provide  effective  focal  lengths 
at  approximately  1084,  542,  361,  271,  181,  and  126  inches. 
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(3)  Effective  Diameter.  The  maximum  effective  aperture  diameter  will  be  8  in. 

(20.7  cm).  Provision  will  be  incorporated  to  reduce  the  aperture  diameter  to  0.6  in. 
(1,7  cm)  to  maintain  a  speed  (f/no.)  of  either  133  or  200  for  the  effective  focal  lengths 
specified  in  Section  IV,  b,  (2)  above.  Suitable  calibration  dials  will  be  provided  for  this 
purpose.  Central  obscuration  is  not  allowed.  However,  an  obscuration  at  the  edge  of 
the  aperture  is  acceptable  if  it  is  less  than  8  percent  of  the  total  area  for  the  8-in. 
diameter.  There  will  not  be  any  obscuration  for  effective  aperture  diameters  less 
dian  4  in. 

(4)  Total  Field  of  View.  The  total  field  of  view  will  be  0.72  in.  in  diameter  at  the 
focal  plane. 

(5)  Quality  Field  of  View.  The  quality  field  of  view  will  be  at  least  ±  5  mrad  from  the 
optical  boresight  with  respect  to  object  space.  The  quality  field  of  view  is  the  region 
where  diffraction  limited  operation  and  aberration  correction  is  required  over  the 
spectral  range  of  0.4  to  0.6  p.  The  total  allowable  aberration  will  be  less  tha  <50  per¬ 
cent  of  the  diffraction  angle . 

(6)  Wave  -  Front  Distortion.  The  spherical  wave  front  distortion  will  be  less  than 
V20  rms  and  A/3  peak-to-peak  in  the  spectral  range  of  0.4  to  0.6  fi  in  the  quality 
field  of  view,  including  residual  errors  due  to  atmospheric  dispersion. 

(7)  Correction  for  Atmospheric  Dispersion.  Atmospheric  dispersion  will  result  in 
significant  chromatic  aberration  and  a  means  must  be  provided  to  correct  for  this 
effect.  The  maximum  difference  in  the  index  of  refraction  of  the  atmosphere  between 
0. 4  and  0. 6  p  is  dn=  6. 2  x  10“®.  A  manual  adjustment  will  be  incorporated  to  correct 
this  aberration.  The  adjustment  will  have  a  range  of  dn  from  0  to  6. 2  x  10~®  and  a 
suitably  calibrated  dial  will  be  provided.  During  normal  operation,  the  telescope  will 
rotate  about  the  optical  axis  and,  provision  therefore  must  be  made  for  rotating  the 
subassembly  used  for  dispersion  correction.  A  manual  control  with  a  suitably  cal¬ 
ibrated  dial  for  rotating  the  subassembly  through  360  deg  will  be  provided. 

The  quality  field  of  view  will  not  be  degraded  from  that  specified  in  Section  IV,  b,  (5) 
for  all  values  of  a  6.  The  optics  required  to  correct  the  chromatic  aberration  may 
be  located  anywhere  int.;  optical  path  of  the  telescope,  including  a  location  in  front 
of  the  first  element.  If  placed  after  the  first  element,  the  chromatic  correction  is 
not  to  change  the  path  of  the  light  beam  by  more  than  ±0.1  mrad  with  respect  to 
object  space.  If  it  is  placed  in  front  of  the  first  element,  it  is  desirable  to  correct 
for  atmospheric  bending  as  well.  Astronomical  refraction  is  shown  in  Table  5  . 

The  value  of  d  6  is  determined  using  the  following  expression: 

*  0  =  6. 2  x  10  **  tan  0 

Note  that  0  is  the  angle  from  zenith  and  the  angles  in  Table  5  are  elevation  angles. 
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(8)  Baffle  Requirements.  The  telescope  will  be  designed  to  minimize  iight  entering 
the  telescope  from  outside  the  field  of  view.  The  baffling  will  be  adjustable  so  that, 

as  the  effective  lens  focal  length  and  diameter  are  varied,  background  radiation  outside 
the  total  field  of  view  is  effectively  attenuated.  The  baffling  techniques  used  should 
include  field  stops,  baffles,  irises,  and  blackened  internal  surfaces. 

(9)  Operating  Environment.  The  telescope  will  meet  all  of  the  performance  require¬ 
ments  for  an  ambient  temperature  range  of  0°  to  100°F.  Vibration  levels  will  be 
those  normally  encountered  during  transport  in  a  pick-up  truck  over  improved  (but 
not  necessarily  paved)  roads.  A  transportation  case  shall  be  provided  to  afford 
protection  as  necessary  during  transit. 

(10)  Size  and  Weight.  Minimum  size  and  weight  are  desirable  because  the  telescope 
will  be  mounted  on  a" sidereal  mount  during  operation.  Also,  it  will  be  transported 
from  site  to  site.  As  a  first  estimate,  it  is  consider.-  d  that  the  telescope  weight 
should  be  on  the  order  of  60  lb.  It  should  be  6— ft  long  by  16  in.  in  diameter.  Mounting 
pads  are  to  be  provided  as  required. 

(11)  Ancillary  Equipment.  Any  nonstandard  tools,  jigs,  fixtures,  etc. ,  required  for 
alignment,  focus  ’ig-,  mounting,  and  operation  will  be  provided. 

(12)  Transportability .  The  entire  system  will  be  designed  to  withstand  the  shock, 
vibration,  and  temperature  environment  that  may  be  encountered  during  transportation 
between  measurement  sites . 
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SECTION  V 

CONCLUSIONS  AND  RECOMMENDATIONS 


1.  CONCLUSIONS 

The  overa'I  objectives  of  the  Atmospheric  Transmission  Measurement  program,  as 
defined  in  the  statement  of  work  (Section  I),  have  been  met  as  follows:, 

(1)  Experimental  studies  have  established  the  validity  of  the  technique  of  fast 
tracking,  as  called  for  in  the  preliminary  subsystem  design  for  the  optical 
space  data  relay  system  presented  in  Reference  1.  This  conclusion  is 
based  on  the  positive  results  obtained  in  two  sets  of  experiments,  namely, 
critical,  quantitative  tests  of  the  theory  of  optical  antenna  gain  reciprocity, 
and  demonstration  in  the  laboratory  (by  means  of  an  experimental  laser 
link  with  a  fast-tracking  capability)  of  the  effectiveness  of  the  transmitter 
fast-steering  technique  in  reducing  pointing  and  tracking  errors  and  signal 
fading  due  to  simulated  atmospheric  turbulence . 

(2)  The  feasibility  of  a  measurement  i  ystem  suitable  for  field  use  and  capable 
of  experimentally  evaluating  atmospheric  turbulence  effects  on  a  laser 
space  communication  system  has  been  demonstrated .  The  measurement 
technique  is  based  on  the  optical  reciprocity  theory  and  makes  use  of  a 
fast-tracking  star  sensor  coupled  to  a  standard  astronomical  telescope. 

The  system  is  capable  of  day-or-night  operation  with  zero  or  first- 
magnitude  stars,  depending  upon  the  measurement  accuracy  required. 

The  measurement  system  uses  only  ground-based  equipment;  it  does  not 
require  flyable  hardware. 

(3)  A  measurement  program  plan  for  obtaining  adequate  evaluation  of  three 
field  sites  chosen  as  possible  locations  for  a  laser  communications  trans¬ 
mitter  will  require  a  period  of  32  months,  including  equipment  procure¬ 
ment.  Measurements  of  atmospheric  up-link  transmission  should  be  made 
at  each  site  for  at  least  four  periods  spaced  over  a  20-month  period. 

2.  RECOMMENDATIONS 

The  following  recommendations  for  future  effort  are  based  on  the  foregoing 
conclusions: 

(1)  Because  of  the  relatively  long  time  period  required  to  accomplish  an  adequate 
measurement  and  evaluation  program,  it  is  recommended  that  the  engineering, 
procurement,  and  equipment  integration  phases  of  the  program  be  started  as 
soon  as  possible . 
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(2)  Budgetary  provision  should  be  made  at  the  outset  for  field  site  preparations 
so  that  firm  commitments  for  space  and  facility  arrangements  at  selected 
test  sites  can  be  negotiated. 

(3)  Further  evaluation  of  the  fast-tracking  technique  for  combating  atmos¬ 
pheric  turbulence  effects  should  be  made  to  verify  the  theoretically  pre¬ 
dicted  dependence  of  fading  reduction  on  transmitter  and  receiver  aperture 
size.  The  tests  preferably  should  be  conducted  through  use  of  an  outdoor 
path.  The  evaluation  program  should  also  be  designed  to  test  the  validity 
of  the  theoretical  criterion  for  boresight  tolerance  in  a  fast-tracking  trans¬ 
mitter  with  respect  to  atmospheric  effects. 
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Introduction 


In  this  report,  we  wish  to  present  the  concept  of  propagation 
reciprocity  in  a  randomly  inhonogeneous  medium  in  a  complete  form, 
and  discuss  its  implications  and  applications.  It  is  the  objective  of  this 
paper  to  make  clear  the  foundation  and  nature  of  the  reciprocity  results. 

In  the  next  section,  we  define  the  concept  of  reciprocity  and  ex¬ 
plain,  in  general  terms,  its  basis  and  implications.  In  the  section 
after  that,  we  present  the  foundations  of  the  reciprocity  analysis,  in 
a  form  sufficiently  rigorous  and  yet  compact  as  to  allow  a  judgment  of 
the  sureness  of  the  analysis  to  be  formed.  Finally,  in  the  concluding 
section  we  discuss  the  practical  implications  of  these  results  for  up-link 
laser  communications. 

Reciprocity  Concept 

The  concept  of  propagation  reciprocity  in  its  most  commonly  used 
form  relates  to  microwave  antenna  gain,  and  put  in  its  simplest  terms, 
states  that  an  antenna  will  perform  equally  well,  i.e.  ,  provide  the  same 
antenna  gain,  whether  used  as  part  of  a  transmitter  system  or  as  part  of 
a  receiver  system.  The  emphasis  in  the  claim  of  reciprocity  for  micro- 
wave  antennas  is  on  the  effect  of  imperfections  and  misalignments  in  the 
instrument.  In  applying  the  term" reciprocity"  to  the  subject  of  optical 
propagation,  we  emphasize  the  effect  of  the  medium  on  the  performance 
of  an  instrument.  It  is  not  imperfections  in  the  antenna  per  se,  which  we 
assume  to  be  ideal,  that  concerns  us,  but  rather  the  effect  of  the  atmos¬ 
phere  in  distorting  the  wave  launched  by  the  antenna  if  it  is  acting  as  part 
of  a  transmitter  system,  or  the  wave  received  by  the  antenna  if  it  is  part 
of  a  receiver  system.  The  concept  of  reciprocity  as  applied  to  optical 
propagation  asserts  that  the  degradation  effects  of  atmospheric  inhomo¬ 
geneities  on  the  performance  of  an  optical  antenna  is  quantitatively  the 
same  whether  the  antenna  functions  as  part  of  a  transmitter  or  a  receiver. 
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One  item  which  almost  "goes  without  saying"  in  the  microwave 
case,  but  needs  to  be  carefully  pointed  out  in  the  optical  case,  pertains 
to  the  fact  that  we  are  considering  a  coherent,  i.  e.,  a  wavefront  distor¬ 
tion  sensitive  system.  In  this  sense,  we  distinguish  between  a  laser 
transmitter  and  a  searchlight  transmitter,  and  between  an  optical  hetero¬ 
dyne  receiver  and  a  photon  bucket  type  of  receiver.  Initially,  we  restrict  our 
attention  to  the  laser  transmitter  and  the  optical  heterodyne  receiver,  for 
which  devices  performance  is  dependent  on  wavefront  distortion. 

When  we  claim  reciprocity  for  optical  system  performance  in  the 
presence  of  atmospheric  turbulence,  we  are,  in  essence,  saying  that  if 
we  had  an  optical  link  between  a  laser  transmitter  and  an  optical  hetero¬ 
dyne  receiver,  with  atmospheric  turbulence  somewhere  in  the  propagation 
path,  and  if  we  then  interchanged  the  role  of  the  two  ends  of  the  link,  leav¬ 
ing  the  antenna  apertures  as  they  were,  the  signal  strength  developed  over 
the  link  will  remain  the  same.  It  should  be  noted  that  our  claim  of  reci¬ 
procity  is  to  be  understood  on  an  instantaneous,  random  sample  basis,  as 
well  as  on  a  statistical  basis. 

Implications  of  Reciprocity 

The  significance  of  the  reciprocity  concept  lies  in  two  areas.  First, 
as  a  practical  computational  aid,  it  allows  us  to  apply  the  well  developed 
body  of  knowledge  that  has  been  developed  for  the  performance  of  an  opti¬ 
cal  heterodyne  receiver  in  the  presence  of  atmospheric  turbulence  to  the 
problem  of  estimating  the  expected  performance  of  a  laser  transmitter  in 
the  presence  of  atmospheric  turbulence.  This  is  particularly  important 
since  the  subject  of  laser  transmitter  performance  appears  to  be  in  a 
rather  weak  condition,  with  essentially  no  meaningful  results  available 
for  average  antenna  gain,  and  only  limited  certainty  for  the  results  on 
antenna-gain  variance. 


The  second  significant  point  to  be  recognized  relative  to  the  matter 
of  reciprocity  is  that  since  reciprocity  applies  on  an  instantaneous,  random 
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sample  basis,  then  if  the  same  aperture  is  used  for  both  reception  and 
transmission,  alignment  of  the  aperture  to  maximize  the  received  signal 
will  simultaneously  result  in  maximization  of  the  transmitter  antenna 
gain.  This  is  particularly  interesting  not  simply  because  it  takes  care 
of  the  normal  alignment  problem,  but  also  because  it  offers  an  opportun¬ 
ity  for  application  of  the  concept  of  fast  tracking  in  the  transmitter.  It 
has  been  shown  that  to  a  significant  extent  atmospheric  turbulence  induced 
wavefront  distortion  can  be  considered  to  be  simply  a  matter  of  random 
tilting  of  the  wavefront.  This  means  that  a  large  part  of  the  effect  of  wave- 
front  distortion  can  be  cancelled  by  alignment  of  the  antenna  to  follow  the 
random  tilt,  i.  e.  ,  by  fast  tracking.  In  fact,  analysis  of  the  performance 
of  such  a  fast  tracking  optical  heterodyne  receiver  system  shows  that  its 
performance  can  be  about  10  dB  belter  than  what  the  atmosphere  will  allow 
a  static  optical  heterodyne  receiver  system  to  achieve.  For  an  optical 
heterodyne  receiver,  or  for  a  diffraction  limited  optical  tracker,  the  ap¬ 
proach  to  fast  tracking  is  straightforward.  There  is  a  meaningful  signal 
wavefront  being  collected  and  its  tilt  can  be  tracked.  It  is  just  a  matter 
of  implementing  the  necessary  servo  capabilities.  On  the  other  hand,  for 
a  laser  transmitter,  there  is  no  straightforward  method  of  obtaining  the 
necessary  information  for  controlling  a  servo  system  to  compensate  for 
a  tilt  which  the  atmosphere  ■'•'ill  put  into  the.  beam  after  it  leaves  the  trans¬ 
mitter,  However,  because  of  reciprocity,  it  follows  that  if  the  receiver 
at  the  other  end  of  the  link  is  sending  out  some  sort  of  coherent  laser  beacon, 
then  if  the  laser  transmitter  shares  its  aperture  with  a  beacon  tracking  re¬ 
ceiver  (either  an  optical  heterodyne  receiver  or  a  diffraction  limited  imag¬ 
ing  receiver),  then  the  appropriate  tilt  for  the  aperture  can  oe  derived  from 
tracking  of  the  beacon  and  then  also  be  used  for  the  laser  transmitter.  Be¬ 
cause  of  reciprocity,  we  know  that  the  tilt  developed  from  the  beacon  tracker 
is  exactly  the  right  tilt  to  use  to  achieve  the  benefits  of  fast  tracking  for  a 
laser  transmitter. 
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Reciprocity  Proof  -  General  Discussion 


It  is  a  particularly  interesting  feature  of  the  proof  of  reciprocity 
that  it  is  rather  simple  in  form  and  remarkably  free  of  the  approximations 
and  infinite  series  truncations  that  bring  into  question  so  much  of  the  main 
body  of  optical  propagation  theory.  The  theory  can  be  separated  into  two 
parts.  The  first  is  a  proof  of  point-to-point  propagation  reciprocity.  This 
result,  which  is  originally  due  to  Lutomirski  and  Yura  ,  is  dependent  only 
on  the  nature  of  the  wave  equation  and  the  general  radiation  properties  assoc¬ 
iated  with  the  Green's  function  in  classical  electromagnetic  theory.  The 
proof  is  rather  elegant  and  brief,  and  we  shall  reproduce  it  in  the  next  sec¬ 
tion. 

The  second  part  of  the  proof  follows  in  a  straightforward  manner  from 
writing  down  the  equations  governing  signal  strength  for  a  laser  transmitter 
and  for  an  optical  heterodyne  receiver.  It  is  convenient  to  first  consider  the 
propagation  between  a  point  and  either  a  laser  transmitter  or  an  optical 
heterodyne  receiver,  and  then  consider  the  propagation  between  a  lase** 
transmitter  and  an  optical  heterodyne  receiver  --  although  clearly  reci¬ 
procity  in  the  first  pair  of  cases  follows  from  reciprocity  in  the  latter  case. 
We  take  this  up  later.  Now  we  turn  our  attention  to  the  proof  of  point-to- 
point  propagation  reciprocity. 

Reciprocity  Proof  --  Point-to-Point 

If  *  (r, ,  r^)  is  the  Green's  function  for  Maxwell's  equation  that  relates 
the  field  at  r}  to  a  point  excitation  of  unity  strength  at  r}  ,  then  it  obeys 
the  equation 


(V3t  +  k8  n8)  ij t  (r{,  r^)  =  -  4tt  6(t{  -  r^)  .  (1) 

Here  V8  is  the  Laplacian  in  i^-space,  k  is  the  optical  wave -number  for 
the  radiation,  and  n  is  the  refractive -index  of  the  propagation  medium. 
Normally  nt  is  taken  to  be  a  constant  independent  of  position.  However,  in 

*  R.  F.  Lutomirski  and  H.  T.  Yura,  Appl.  Opt.  J^O,  1652,  (1971) 


this  case  we  can  consider  n{  to  be  a  true  function  of  rt  ,  without 
affecting  the  validity  of  the  equation. 

Our  proof  of  reciprocity  proceeds  by  rewriting  Eq.  (1)  with  j 
replaced  by  j  * 

(vf  +k?  nf )  (rt,rjj  =  -  4tt  6(7t  -  xj J  .  (2) 

We  then  multiply  Eq.  (1)  by  ,7^)  ,  giving 

♦  (?,,!$}  ~  k2  nt2  ♦  (r,,^)  ) 

=  -  4tt  6(rt  -  r,  )  ^(7t  ,7^)  ,  (3) 

and  multiply  Eq.  (2)  by  ijiCr^rj)  giving 

♦  (?».  *}  )  *0^  ,Ty)  +  k2  n*  Hffc,  r})  ^(r,,  r,,) 

=  -  4rr  6(rt  -  rjj  t(r,,^)  .  (4) 

If  we  subtract  Eq.  (4)  from  Eq.  (3),  the  n2-dependence  will  drop  out, 
yielding 

^(rj.rjJ  V2  <^,7,)  -  Vt2  ♦  (r'j.r,,) 

=  -4tt  [6(tj  -  7j )  $(7,,^,)  -  6(7j  -  r^J  ♦  (r,,ri)]  .  (5) 

Now  if  we  integrate  both  sides  of  Eq.  (5)  over  all  rj-space,  we  get 

Jd7t  Vjs  -  $  (rj,7j)  v2  Hr^rjJ] 

=  -  4tt  [ij,  (73 ,7^)  -  t(pJ„rJ)]  ,  (6) 

where  V  is  the  volume  bounding  our  region  of  integration,  and  we  have 
used  the  well  known  properties  of  the  delta  function  to  allow  us  to  perform 
the  integration  giving  us  the.result  on  the  right  hand  side  of  Eq.  (6).  If 
the  volume  defined  by  V  is  bounded  by  the  surface  S  ,  then  using  Green's 
theorem,  we  can  transform  the  volume  integration  in  Eq.  (6)  into  the  form 
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J  d'sj  •  [ijf  (rj,  r3J  vj  ♦  (?,.?,)  -  ♦  (r1,‘rJ)^1  M^.r^)] 

s 

=  -  4tt  [ijr  (r^iy)  -  i|r  (r j,  ,  r] )  ]  ,  (7) 

where  ds^  is  associated  with  an  element  of  area  on  the  surface  S  ,  and 
has  a  magnitude  equal  to  the  area  of  the  element  and  has  a  vector  orienta¬ 
tion  normal  to  the  surface  element  and  oriented  outward,  V{  denotes  the 
gradient  operator  in  -space. 

Now  if  we  choose  the  surface  S  to  correspond  to  a  sphere  of 
r.adius  R  (where  R  is  very  large),  we  get 

,f  Rf  dfl,  OK?,,^,)  “  'Kr1>rJ)  -  ^ 


4tt 


=  -  4rr  ,?4>)  - 


(8) 


where  we  have  used  the  element  of  solid  angle  dQj  to  replace  |dSj|  accord¬ 
ing  to  the  equation 


Rf  =  |d^| 


(9) 


and  taken  note  of  the  fact  that 


d?.  ’  =  ld?-l  i£, 


(10) 


Now  if  we  add  and  subtract  -i  k  n{  y(rt  ,~r})  ^(rj  ,iy)  Rj2  from  the  integrand 
in  Eq.  (8),  we  get 

fdnt  {[R,  V)].[R,  (  ^  -  ik  nt  ♦(r1,?J))  ] 

-  [R,  ♦(rj,  r3)]  [R,  ^t'V)  -  ikni  V)  )]} 

=  -  4tt  [#(rj  ,  iy)  -  ^(y.rj)] 


At  this  point,  we  introduce  the  condition  of  regularity  at  infinity  which 

*  J.  A.  Stratton,  "Electromagnetic  Theory, "  McGraw-Hill,  New  York 
(1941),  p.  485(c)  . 


requires  that  "  ^  vanishes  in  such  a  way  that  lim  Rij)  is  bounded  as 
R  -*  ob  ,  "  and  the  radiation  condition'!’  that 


S-.  *  -  i  k  M )  =  0  •  (12) 

It  follows  by  inspection,  from  these  two  conditions,  that  the  integrand 
on  the  left  hand  side  of  Eq.  (11)  become.''  vanishingly  small  for  large  values 
of  R  .  It  follows  from  this  that 


(13) 


When  we  consider  that  <|i  (i^  ,  )  defines  the  field  at  r,  due  to  a  point  source 

at  ^  ,  we  see  that  Eq.  (13)  is  an  explicit  statement  of  point-to-point  reci¬ 
procity.  It  states  that  quite  independent  of  the  nature  of  the  refractive- 
index  distribution,  nt  ,  the  phase  and  amplitude  at  ^  due  to  a  unit  point 
source  at  r^,  is  exactly  equal  to  the  phase  and  amplitude  at  ~r} ,  due  to  a 
unit  point  source  at  r^  !  It  is  especially  significant  to  note  that  this  result 
is  completely  rigorous  and  requires  no  approximations  in  its  derivation. 

With  this  result  in  hand,  we  are  now  ready  to  turn  our  attention  to 
the  nature  of  laser  transmitter  and  optical  heterodyne  receiver  perform¬ 
ance.  We  take  this  up  in  the  next  section. 

Reciprocity  Proof  --  Point- Aperture  System 

In  this  section,  we  shall  demonstrate  the  existence  of  reciprocity 
for  ancenna  ga'n  between  a  laser  transmitter  propagating  a  signal  to  a 
point  in  space,  and  an  optical  heterodyne  receiver  collecting  a  signal  from 
a  source  located  at  that  same  point  in  space.  We  assume  that  the  hetero¬ 
dyne  receiver  antenna  aperture  is  coincident  with  the  laser  transmitter's 
aperture. 

t  ibid.  ,  p.  486  (d)  . 


167 


We  let  the  point  in  space  be  denoted  by  r  ,  and  let  the  aperture 
plane  for  either  system  be  defined  by  the  vector  Xj  .  We  let  the  effective 
aperture  be  defined  by  the  function  Wfj^)  .  Generally  W(xj)  is  taken  to 
be  a  physical  aperture,  presumably  circular  in  shape,  so  that  its  value  is 
restricted  to  unity  (within  the  circle)  and  zero  (outside  the  circle).  However, 
to  be  entirely  general  in  our  treatment,  we  will  consider  the  aperture  per  se 
to  be  infinite  in  extent  and  take  W(x)  as  referring  to  the  amplitude  distri¬ 
bution  of  a  laser  beam  at  the  aperture  plane.  In  the  case  of  a  laser  trans¬ 
mitter,  this  is  the  amplitude  distribution  for  the  transmitted  laser  beam  at 
the  aperture  plane.  (This  distribution  is,  for  our  purposes,  the  definition 
of  the  aperture.  )  For  the  case  of  an  optical  heterodyne  receiver,  we  can 
project  the  Local  oscillator  laser  beam  backwards  through  the  optical  system, 
the  other  way  through  the  beam  splitter,  so  that  it  can  be  visualized  as  having 
a  distribution  over  the  aperture  plane.  For  an  optical  heterodyne  receiver, 
we  take  W(x)  as  referring  to  the  amplitude  distribution  of  the  laser  local 
oscillator  in  terms  of  its  virtual  distribution  at  the  aperture  plane.  In  both 
cases,  i.  e.  ,  for  both  the  laser  transmitter  and  the  optical  heterodyne  rec¬ 
eiver,  it  is  convenient  to  also  introduce  a  phase  function  §(x)  which  carries 
information  about  any  phase  variations  in  the  laser  wavefront  at  the  aperture. 
Thus  for  a  tilt  ~Q  ,  §(x)  =  exp  (-i  k^*  x)  .  We  note  then  that  $(x)  incor¬ 
porates  any  laser  beam  focusing  or  tilting  in  our  laser  transmitter  or  opti¬ 
cal  heterodyne  receiver,  except  that  because  the  laser  beam  must  be  con¬ 
sidered  as  going  in  opposite  directions  for  the  local  oscillator  of  an  optical 
heterodyne  receiver  and  for  a  laser  transmitter,  if  §(x)  describes  the  wave- 
front  shape  for  the  optical  heterodyne  receiver,  then  $  (x)  defines  the  same 
shape  surface  for  the  laser  transmitter.  For  the  two  cases,  the  aperture  of 
the  system  can  be  considered  to  be  fully  defined  by  W(x)  §(x)  ,  or  by 
W(x)  $*(x)  . 


What  we  wish  to  show  is  that  the  signal  amplitude,  S^T  at  the 
space  point  r  will  vary  with  propagation  conditions  and  the  function 
W(x)  $(x)  for  a  laser  transmitter,  in  exactly  the  same  way  that  the 
signal  amplitude,  ,  for  an  optical  heterodyne  receiver  will  vary 

with  the  propagation  conditions  and  the  choice  of  W(x)  §(x)  .  The  proof 
of  this,  as  we  shall  see,  will  derive  from  the  point-to-point  propagation 
reciprocity  wc  demonstrated  in  the  previous  section,  and  the  similarity 
in  the  nature  of  the  equations  for  laser  transmitter  performance  and  for 
optical  heterodyne  receiver  performance.  We  start  by  writing  down  a 
formal  expression  for  laser  transmitter  performance. 

In  calculating  the  signal  amplitude  at  "r  due  to  the  laser  trans¬ 
mitter,  we  start  by  noting  that  the  signal  amplitude,  S^T  ,  is  just  the 
sum  of  the  amplitudes  at  ~r  due  to  the  laser  excitation  at  all  of  the  various 
regions  dx  on  the  aperture.  Thus,  making  use  of  the  Maxwell's  equation 
Green's  function,  we  get 

d  £^t  =  ijf(r,x)W(x)  $*(x)  dx  ,  (14) 

where  the  Green's  function  t|r(r,x)  takes  account  of  the  propagation  effects 
associated  with  some  particular  instantaneous  sample  of  the  random  atmos¬ 
pheric  turbulence  induced  refractive- index  variation  pattern  in  the  propa¬ 
gation  path.  The  total  signal  amplitude  at  "r  is  just 

Kr  I  =  I  J  d  £*  | 

=  j  J*  dx  W(x)  iji(r,x)  $*(x)  J 

=  £  J  dx  W(x)  ijf(r,x)  $*(x)  ]*  +  \_  J  dx  ♦(?**)  $*(x)  J'j- 

=  i  /  dx  W(x)  i|r*(r,x)  $(x)  +  J  dx  W(x)  \|i(r,x)  §*(x)  j- 

=  £  J  dx  W(x)  [\|f*(r ,  x)  $(x)  +  i| ((r,x)  $*(x)]  .  (15) 

This  rather  simple  and  intuitively  obvious  result  is  all  we  need  in  the  way 
of  analysis  for  the  laser  transmitter.  We  are  now  ready  to  turn  our  atten¬ 
tion  to  the  performance  of  the  optical  heterodyne  receiver. 


In  treating  the  optical  heterodyne  receiver,  we  note  first  that  the 
signal  amplitude  at  the  point  x  in  the  aperture  plane  due  to  a  unity  "Strength 
point  source  at  "r  is  .  In  the  optical  heterodyne  receiver,  this 

signal  is  added  to  the  local  oscillator  signal  W(x)  §(x)  and  the  magnitude 
squared  is  formed  on  a  square  law  phctodetector,  i.  e.  ,  we  form 

i  |  ^(x,  r)  +  W(x)  §(x)  |s  =  \  $(x,7)  ^*(x/r) 

+  -j[iji(x,"r)  W(x)  §*(x)  -^’’‘(x,?)  W*(x)  $(x)  jj 
+  W(x)  W(x)  §*(x)  §  (x)  .  (16) 

For  the  optical  heterodyne  receiver,  a  detectable  beat  frequency  represent¬ 
ing  the  difference  between  the  optical  frequency  of  the  local  oscillator  and 
of  the  received  signal  from  the  point  source  at  "r  is  generated  only  by  the 
cross-terms  contained  in  the  square  brackets  on  the  right  hand  side  of 
Eq.  (16).  Thus,  for  the  optical  heterodyne  receiver,  the  beat  frequency 
signal  associated  with  the  element  of  aperture  dx  is 

d  Sqho  =  £[>(x, "r)  W(x)  §*(x)  +  i|i*(x,  r  )  W(x)  §(x)  ]  dx  ,  (IT) 

so  that  the  total  optical  heterodyne  receiver  signal,  obtained  by  integrating 
over  the  aperture  plane  is 

£  J  dx  W(x)  [ilf*(x,'r)  §(x)  +  \Kx,r)  §'k(x)  ]  •  (18) 

Now  if  we  apply  point-to-point  reciprocity,  as  expressed  in  Eq.  (13),  we 
see  that 

S0HR  =  £  Jdx  W(x)  [<fr*(r  ,x)  $(x)  -r  $(r,  x)  $*(x)  ]  ,  (19) 

which  is  identical  to  |  S,_T  j  as  given  in  Eq.  (15).  From  this  exact  equiva¬ 
lence  in  magnitude,  we  can  conclude  that  reciprocity  exists  between  the 
performance  of  a  laser  transmitter  to  a  point  in  space  and  an  optical  hetero¬ 
dyne  receiver  collecting  a  signal  from  that  point  in  space,  providing  that  the 
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two  unics  have  equivalent  laser-aperture  functions,  namely  W(x)  $(x) 
and  W(x)  §*(x)  .  It  is  particularly  interesting  to  note  that  if  a  change 

in  §  (x>  will  improve  the  laser  transmitter's  performance  by  some 
fractional  amour*-,  then  the  corresponding  change  in  $  (x)  will  produce 
the  exact  same  fractional  improvement  in  the  optical  heterodyne  receiver's 
performance.  This  means  that  the  same  improvement  in  performance  that 
could  be  achieved  by  an  optical  heterodyne  receiver  through  the  use  of  fast 
tracking  can  also  be  achieved  by  a  laser  transmitter,  if  it  can  obtain  a 
tracking  command  signal.  Moreover,  the  exact  equivalence  inherent,  in 
the  above  reciprocity  proof  makes  it  clear  that  if  an  optical  heterodyne 
receiver  is  allowed  to  share  the  aperture  with  a  laser  transmitter,  the 
receiver  can  generate  the  appropriate  fast  tracking  commands  both  for 
itself  and  for  the  laser  transmitter. 


Reciprocity  Proof  --  Aperture- Aperture  System 

In  the  preceding  two  sections,  we  have  gone  exhaustively  through 
che  analytic  details  of  the  reciprocity  proofs,  perhaps  sometimes  expand¬ 
ing  to  a  paragraph  and  •  everal  equations  a  portion  of  the  proof  that  could 
have  been  covered  with  a  single  sentence.  This  was  done  to  insure  ease 
in  following  the  smallest  details  of  the  proof.  In  this  section,  we  wish  to 
demonstrate  the  validity  of  the  reciprocity  concept  for  a  laser  transmitter 
system  operating  into  an  optical  heterodyne  receiver.  However,  a  detailed 
analysis  of  such  a  two-aperture  system  would  be  excessively  cumbersome 
and  we  therefore  shall  attempt  to  simply  describe  how  such  a  proof  would 
proceed. 

We  may  consider  the  proof  of  reciprocity  in  the  two-aperture  system 
to  have  been  demonstrated  if  we  can  show  that  when  we  interchange  the  roles 
of  the  transmitter  and  the  receiver,  we  retain  the  same  expression  for  the 

#  Consider,  for  example,  the  much  briefer  coverage  provided  in 

R.  F.  Lutomirski  and  K.  T.  Yurc.  op  cit  ,  and  ir.  n.  L  Fried 
and  H.  T.  Yura,  J.  Opt.  Soc.  Am.  62,  600  (1972) 
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signal  strength.  Our  analysis  would  start  by  writing  an  expression  for 
the  aperture  functions  on  the  x-plane  ,  W(x)  $(x)  for  a  receiver,  and 
W(x)  §*(x )  for  a  transmitter,  and  introducing  the  y-plane  corresponding 
to  the  point  in  space  at  lc  in  our  previous  section,  so  that  y  represents 
two  components  of  "r  ,  and  introducing  the  aperture  functions  on  the 
>r-plane,  which  we  denote  by  w(y)0(y)  for  the  receiver,  and  w  (y)  0*(y) 
for  the  transmitter.  For  the  receiver  in  the  x-plane  and  the  transmitter 
in  the  y-plane,  the  signal  at  dx  due  to  an  element  of  the  transmitter  at 
dy  is 

d3  Sxy,  =  dx{iji(x.y)  w(y)  0*(y)  dy  }  ,  (20) 

while  for  the  transmitter  in  the  x-plane  and  the  receiver  in  the  y-plane, 
the  corresponding  element  of  signal  is 

d2  Syx  =  dy  (ijf(y,x)  W(x)  $*(x)  dx  }  ,  (21) 

In  the  heterodyne  receiver  at  x  ,  the  detection  process  multiplies  d2  Sxy 

by  W(x)  $*(x)  and  its  complex  conjugate  by  W(x)  $(x)  .  Then  integrating 
*— >  _ ^ 

over  the  x-plar.e  and  over  the  y-plane  to  obtain  the  total  signal  Sxy  for 
propagation  from  a  laser  transmitter  in  tha  y-plane  to  an  optical  heterodyne 
receiver  in  the  x-plane,  we  gee  an  expression  of  the  nature  of 

Sxy  =  4  f  Jdy  W(x)  w(y)[\j)(x,  y  )  §*(x )  0*(y)  +  \lf*(x,  y  )  §(x)0(y)].  (22) 

When  we  consider  the  aperture  at  y  to  define  an  optical  heterodyne  re¬ 
ceiver,  and  the  one  at  x  to  define  a  unit  that  functions  as  a  iaser  trans¬ 
mitter,  and  integrace  over  the  x-plane  and  ever  the  y-plane,  we  get  for 
the  signal  received  at  y 

Jyx  =  -g  J dx  Jdy  W(x)  w(y)  [i)(y,  x )  0*(y)  §*(x)  +  <j>*(y,x)  0(y)  $(x)  ]  .  (23) 

It  is  immediately  apparent,  considering  the  point-to-point  reciprocity 
expressed  in  Eq.  (13),  that  Sxy  is  identically  equal  to  Syx  .  This 


demonstrates  aperture-to-aperture  reciprocity.  If  we  have  an  optical 
signal,  link  consisting  of  two  apertures  and  a  propagation  path  between 
then,  with  one  aperture  representing  a  laser  transmitter  and  the  other 
an  optical  heterodyne  receiver,  then  the  signal  generated  at  the  receiver 
is  the  same,  no  matter  which  aperture  we  consider  to  be  the  receiver. 

The  effect  of  atmospheric  turbulence  and  of  aperture  wave  function 
variations  is  the  same,  no  matter  which  way  the  optical  signal  is  flow¬ 
ing.  We  have  exact  reciprocity. 

”5  Note  that  we  are  talking  about  interchanging  the  aperture  functions,  i.  e., 
transmission  and  isception,  but  not  interchange  of  the  physical  apertures. 
That  latter  is  a  di  "nctly  different  matter  (involving  replacement  of 
W(x)  §(x)  by  W(yl  t(y)  ,  for  which  our  proof  does  not  apply  and  for 
which,  in  general,  we  would  not  expect  reciprocity  to  hold. 
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APPENDIX  II 


Introduction 

The  concept  of  Optical  Antenna  Gain  Reciprocity  for  Propagation 
Through  a  Turbulent  Medium  states  that  for  certain  classes  of  optical  trans¬ 
mitters  and  of  optical  receivers,  the  performance  of  the  link  between  a  trans¬ 
mitter  and  a  receiver  is  independent  of  whether  the  antenna  at  one  end  of  the 
link  is  functioning  as  part  of  the  transmitter  system  or  as  part  of  the  receiver 
system  (with  the  antenna  at  the  other  end,  naturally,  functioning  in  the  reverse 
role).  This  means  that  if  at  both  ends  of  an  optical  link  the  antennas  are  used 
in  the  dual  role  of  transmitter  and  receiver,  then  we  expect  that  any  fade  in  th< 
signal  level  going  one  way  will  be  exactly  mimicked  by  a  fade  in  the  signal  leve 
going  the  other  way;  and  moreover,  any  adjustment  in  the  pointing  of  one  of  the 
antennas  will  have  the  same  effect  on  both  links  --  if  it  improves  (or  harms) 
the  signal  level  in  one  direction,  it  will  similarly  improve  (or  harm)  the  signaJ 
level  in  the  other  direction. 

The  concept  of  reciprocity  as  just  described  has  a  potentially  important 
practical  implication  in  an  optical  communications  system,  operating  through 
the  atmosphere.  For  an  uplink,  i.  e.  ,  transmitter  on  the  ground  and  receiver 
in  space,  atmospheric  turbulence  can  severely  degrade  the  expected  perform¬ 
ance  of  the  system  by  affecting  the  transmitter  antenna  gain.  Following  reci¬ 
procity  concepts,  however,  we  find  that  if  the  ground  transmitter  antenna  is 
also  used  as  a  receiver  viewing  a  beacon  on  the  space  vehicle,  then  by  adjust¬ 
ing  the  ground  antenna’s  pointing  so  as  to  maximize  the  received  signal,  the 
uplink  signal  is  improved  to  the  extent  that  about  10  dB  better  performance 
can  be  achieved  than  would  be  possible  without  beacon  tracking. 

In  Optical  Science  Consultants  Report  No.  TR-080,  we  provided  a  form 
proof  of  the  concept  of  reciprocity.  However,  that  treatment  emphasized  the 
relationship  between  a  laser  transmitter  and  an  optical  heterodyne  receiver. 
That  report  only  touched  briefly  on  other  somewhat  less  coherent  types  of 
receivers  and  their  relationship  to  the  concept  of  reciprocity  as  we  plan  to 
use  it.  However,  in  fact,  all  plans  for  the  use  of  reciprocity  as  a  basis  for 
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"beacon  tracking"  aid  in  uplink  transmitter  pointing,  and  all  intermediate 
experimental  measurement  programs  related  to  this,  avoid  the  use  of  an 
optical  heterodyne  receiver,  and  instead  rely  on  some  sort  of  less  than 
fully  coherent  (sub- coherent)  detection  system. 

It  is  the  objective  of  this  report  to  establish  the  relationship  between 
the  optical  heterodyne  receiver  and  the  sub-coherent  receiver,  and  show  that 
with  a  reasonable  degree  of  accuracy,  the  results  derived  for  reciprocity  in 
relationship  to  the  optical  heterodyne  receiver  also  apply  for  a  sub- coherent 
receiver.  We  do  this  by  showing  that  the  signal  to  be  expected  from  either 
type  of  receiver  under  various  conditions  is  essentially  the  same. 

Receiver  Performance 

For  a  circular  aperture  of  diameter  D  ,  defined  by  the  function 

1,  if  |*|  S  *  D 

w0  a)  =  { 

0,  if  \x  j  >  £  D  .  (1  ) 

Collecting  a  randomly  distorted  signal  wave  function  u(x)  and  mixing  it 
with  a  local  oscillator  wave  function  uL0(x)  ,  it  can  be  shown  that  the  beat 
frequency  signal  will  have  an  amplitude 

Ajh,  =  a  J  dx  W0(x)  u(x)  u^>  (x)  ,  (2) 

where  a  is  a  constant  of  proportionality,  and  where  we  have  everywhere 
suppressed  any  explicit  time  dependence.  The  power  associated  with  this 
optical  heterodyne  receiver  signal  is 

^oh*  ”  ?  I  A>hr  1 8 

=  fcas  JJ  dx  dx'W0(x)  W0(x")  u*(x)  u(x')  u^jfx)  (xA)  .  (3) 

This  random  variable,  P0h*  »  which  is  dependent  on  the  random  function 
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u  *&)  ,  measures  the  receiver  signal  strength.  In  a  normal  optical  hetero¬ 
dyne  receiver,  the  local  oscillator  wave  function  is  uniform  across  the 
aperture  and  has  some  (slight)  tilt  8  relative  to  the  nominal  line  of  sight 
direction.  Hence  we  can  write 

U{_0  (x)  =  exp  (i  k  "0  •  x)  ,  (4) 

where  we  have,  without  loss  of  generality,  arbitrarily  assigned  an  amplitude 
of  unity  to  the  local  oscillator,  and  have  used  k  to  denote  the  optical  wave 
number.  Thus 

Pohr  =  \  a?  JJ  d*  dx'  W0(x)WQ(x')  u*{x)u(x')  exp  [i  k  If  •  (x-x')]  .  (5) 

This  completes  the  basic  formulation  for  the  coherent  receiver. 

We  start  our  treatment  of  the  signal  obtained  from  a  sub-coherent 
receiver  by  first  considering  the  signal  amplitude  in  the  focal  plane  of  some 
perfect  lens.  For  convenience,  we  shall  assume,  without  loss  of  generality, 
that  the  lens  focal  length  is  unity.  This  will  allow  us  to  treat  focal  plane 
position  and  angular  coordinates  interchangeably,  and  in  fact  we  shall  only- 
work  with  the  angular  coordinate  version.  Rather  than  go  through  the  details 
of  calculating  the  pattern,  ab  initio  ,  we  make  use  of  the  well  known  fact  that 
the  focal  plane  amplitude  pattern  is  the  Fourier  transform  of  the  pupil  function, 
in  this  case  WQ(x)  u{x)  .  Thus  the  amplitude  in  the  focal  plane  at  If  is 

=  g  |  dxW0(x)  u(x)  exp  (ikl  •  x)  ,  (6) 

where  0  is  a  constant  of  proportionality.  The  power  in  the  focal  plane 
is  just 

K,(0)|a 

=  ^  g8  JJ  6c  dx'  w0{x)  W0(x')  u*(x)  u(x')  exp  [i  klg  -  (x  -  x')]  .  (7) 
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The  obvious  equivalence  of  the  right  hand  sides  of  Eq.  *s  (5)  and  (7)  makes 
it  clear  that  if  we  could  measure  its  power  density  at  0  in  the  focal  plane, 
then  even  though  our  measurement  would  be  sub- coherent  (as  compared  to 
the  heterodyne  receiver,  since  we  could  not  determine  the  optical  frequency), 
it  would  be  an  entirely  adequate  measure  of  received  power  to  let  us  replace 
the  heterodyne  receiver  with  this  lens  end  focal  plane  point  power  density  measure¬ 
ment  unit  and  still  expect  transmitter-receiver  reciprocity  to  apply.  The 
problem  is  that  we  can  not  measure  power  density  at  a  point  in  the  focal  plane.  We 
must  measure  it  over  some  solid  angle  region,  cfQ  .  If  d9  is  small  enough, 
there  should  be  no  problem  --  but  how  small  is  small  enough.  We  provide 
some  estimates  in  the  next  section. 

Solid  Angle  Averaging 

The  sub-coherent  receiver  collects  the  focal  plane  power  in  some 
small  angular  region  in  the  focal  plane.  This  region  may  nominally  be  taken 
to  be  a  circle  centered  about  9q  with  radius  69  .  Thus  the  sub-coherent 
receiver  power  would  be 

p,c,  *  S  d*  prr  ft  +  T)  •  (8) 

|?|s  66 

The  simplest  criteria  we  could  apply  to  determine  an  allowable  value  for 
6  0  is  to  note  that  if  we  substitute  Eq.  (7)  into  Eq.  (8),  and  note  that  we  have 
to  consider  both  positive  and  negative  values  of  ^  »  for  each  value  of  x  and 
x'  ,  then  what  we  are  concerned  about  is  the  introduction  of  an  extra  factor 
of  cos  [k  f  *  (x  -  x')]  in  the  integrand. 

P3C*  =  £  £S  J*  JJdx  Wo&  wo#  ')  I'1  '  (*  "  *')] 

X  exp  [i  kf  •  (x  -  x' }]  ] 

*  £  P3  J  JJ  dx  dx*  W0(x)  W0(x')  u*(x)  u(x'){exp  [i  ktc  •  (x 

j?|s«e 


X  cos  [kf  •  (x  -  x')]} 


(9) 


If  this  extra  factor  were  always  unity,  a 3  it  would  be  if  68  were  essentially 
zero,  then  obviously  PSc„  would  be  identical  to  Pfp  (and  thus  to  P0(W  ).  In 
practice,  60  can  not  be  allowed  to  be  too  small  or  there  will  be  no  signal- 
co-noise  ratio  available.  If,  for  example,  we  were  willing  to  allow  the  cosine 
factor  to  introduce  a  correction  to  the  integral  of  10%,  then  we  have  some 
criteria  for  stating  how  large  6  0  can  bo.  Taking  first  a  worst  case  analysis 
for  which  |x  -  x'|  =D  ,  and  assuming  is  parallel  (or  anti-parallel)  to 
x-x'  ,  and  further  that  |"f  |  =  60  »  we  get 

cos  (k  60  D)  =  .  9 

«  1  -  \  60  D  ^  +  .  .  .  (10) 

so  that 

60  *  0.  0712-“  ,  (11) 

implying  that  the  angular  diameter  of  the  focal  plane  pinhole  over  which 
the  signal  was  being  collected  could  only  be  \/D  if  we  wished  to  insure 
90%  accuracy  in  the  relationship  between  the  sub-coherent  receiver  signal 
thus  generated  and  the  signal  we  would  get  from  an  optical  heterodyne  receiver 
While  this  provides  a  lower  bound  for  our  work,  we  shall,  however,  see  that 
it  is  a  quite  pessimistic  answer.  We  shall  show  that  a  more  appropriate  value 
is  about  0.  6  \/D  for  the  focal  plane  aperture  diameter.  The  reason  for  this 
large  discrepancy  follows  from  several  considerations.  First,  most  values 
of  x  and  x'  in  the  ranges  of  integration  defined  by  W0(x)  and  W0(x')  give 
rise  to  an  x  -  x'  whose  magnitude  is  very  much  less  than  D  .  Secondly, 
there  is  a  significant  angle  between  x-x'  and  If  reducing  their  dot-product 
by  about  'fz'  on  an  average.  Finally,  only  the  largest  values  of  |lf  |  are  as 
large  as  5  0  --  most  are  noticeably  smaller. 

An  easy  way  to  combine  these  various  factors  into  a  single  properly 
weighted  result  is  not  obvions,  and  in  fact,  considering  the  random  nature  of 
u(x)  ,  it  is  not  clear  that  there  is  a  meaningful  explicit  answer  to  the 
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question  of  how  large  a  focal  plane  area  can  we  average  over  and  still  gev 
a  sub-coherent  receiver  signal  power  within  ±  10%  of  what  we  would  expect 
from  a  focal  plane  point  detector,  or  an  optical  heterodyne  receiver.  When 
we  examine  Eq.  (9)  and  note  that  for  the  cases  we  shall  be  interested  in  , 
the  wavefront  as  defined  by  u (x)  will  be  essentially  flat  and  uniform,  although 
possibly  tilted  in  a  way  that  is  matched  by  90  .  This  suggests  that  we  ought 

to  consider  as  a  measure  of  signal  measurement  performance  as  a  function 
of  focal  plane  pinhole  size,  the  function 


SCR 


n  = 


!\{\< 


1±1.<  al 


diji 


OHR 


f  d*  JJ  dx  dx*  W0  (x)  W0  (x*)  cos  [ki|f  •  (x  -  x*)]  I  ^  **• 

l?f<  69 _ _ _ /  [?1<  68 

JJ  dx  dx '  W0  (x)  WQ  (x* ) 


(12) 


The  use  of  the  ratio  of  PJCR  to  P0HR  in  the  definition  of  T]  needs  no 
comment.  However,  the  presence  of  the  ijt -integral  deserves  note.  It  is 
introduced  to  take  account  of  the  fact  that  1*scr  increases  as  we  increase 
69  just  because  the  pinhole  area  increases  and  we  collect  more  flux.  The 
ratio  of  P3CR  to  the  ^-integral  gives  us  a  measure  of  the  sub-coherent 
receiver's  performance  which  is  independent  of  this  effect  and  only  relates 
to  the  diffraction  image  extent.  Because  we  have  considered  an  aperture 
size  for  which  the  wavefront  distortion  is  very  small,  the  u(x)  and  0O 
dependencies  disappear  from  the  integrand.  Their  values  combine  to  unity. 
Hence  the  final  form  of  Eq.  (12).  Some  simple  procedures  allow  us  first 
to  perform  the  ^-integration,  yielding 


*  We  shall  not  be  particularly  interested  in  cases  in  which  the  aperture 
diameter  is  large  enough  to  subtend  a  noticeably  distorted  region  of  tne 
wavefront.  (Over  small  enough  regions,  the  wavefront  may  appear 
tilted,  but  will  not  appear  to  be  distorted.  ) 
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(13) 


T1  = 


JJdxd;-W0g)W0g0[2kJ»|(|^j— ] 

JJ  dx  dx'  W0  (x)  W0  (x') 


and  then  introducing  sum  and  difference  coordinates  on  x  and  x *  ,  and 
allowing 

"p  =  (x  -  x')/D  ,  (14) 


we  get 


.  lo  i>  ,  >  -i  ,,  2.&n  r 2  Ji  (k  p  s0)i 

H  -  —  ;  P  dp  Ceos  p  -  pd  -  p-r  j  [_  — tTss — J  • 


(15) 


This  function  has  been  evaluated  numerically  and  is  shown  plotted  in 
Fig.  1.  It  can  be  seen  from  this  data  that  v/e  require  that  the  pinhole  be 
about  equal  to  0.  6  X/D  in  diameter  if  the  sub- coherent  receiver  and  the 
optical  heterodyne  receiver  signals  are  to  be  generated  to  be  within  10% 
of  each  other. 
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1.0 


Figure  1 


0.  1 

69  {in  units  of  X/D) 


Rati^  of  Sub- Coherent  Receiver  Signal  Power  to 
Optical  Heterodyne  Receiver  Signal  Power  as  a 
Function  of  Focal  Plane  Aperture  Radius,  69  , 
in  the  Sub- Coherent  Receiver. 
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APPENDIX  IH 

BORESIGHT  REQUIREMENTS  FOR  APPLICABILITY  OF 
ANTENNA  GAIN  RECIPROCITY 


by  D.  L.  Fried 


This  Appendix  is  a  reproduction  of  Optical  Science  Consultants 
Report  No.  TR-091  (January  1973)  as  provided  by  that  organization. 
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Introduction 


The  concept  -of  antenna  gain  reciprocity  for  propagation  through  a 
turbulent  medium  asserts  that  if  a  laser  transmitter  and  a  near  coherent 
laser  receiver,  both  operating  at  (naarly)  the  same  wavelength  share  a 
common  aperture,  then  the  antenna  gain  of  the  transmitter  will  vary  due 
to  atmospheric  turbulence  in  exactly  the  same  way  that  the  antenna  gain 
of  the  receiver  varies,  provided  that  the  two  units  are  perfectly  bore- 
sighted.1  It  is  assumed  that  at  the  other  end  of  the  link  is  a  similarly 
arranged  transmitter -receiver  unit,  or  that  if  the  other  end  is  in  the  dis- 

a, 

tant  far  field  ,  then  the  two  units  are  at  least  close  together.  In  this 
paper  we  wish  to  take  up  the  question  of  how  precisely  the  boresight  condi¬ 
tion  must  be  met  if  reciprocity  is  to  apply.  To  put  the  question  in  quanti- 
cative  terms,  we  start  by  noting  that  for  perfect  boresighting,  the  corre¬ 
lation  between  transmitter  and  receiver  fluctuations  is  100%,  i.  e.  ,  unity 
--  and  we  then  ask  how  the  correlation  will  vary  as  a  function  of  the  angular 
deviation  from  boresight. 

Problem  Formulation 

Our  procedure  in  formulating  the  problem  of  calculating  the  depen¬ 
dence  of  the  correlation  function  on  angular  misalignment  is  to  start  by 
noting  that  while  the  correlation  function  is  defined  in  terms  of  the  corre¬ 
lation  between  the  antenna  gain  of  a  heterodyne  receiver  and  of  a  laser 
transmitter,  we  can  by  reciprocity  replace  the  antenna  gain  of  the  laser 
transmitter  by  the  antenna  gain  of  a  second  optical  heterodyne  receiver 
that  is  perfectly  boresighted  with  the  laser  transmitter.  This  means  that 
we  can  calculate  the  boresight  misalignment  effect  by  calculating  the  cor¬ 
relation  of  the  antenna  gain  of  two  optical  heterodyne  receivers  whose  local 
oscillators  are  misaligned  with  reepect  to  each  other.  Both  receivers  share 
a  common  aperture  and,  of  course,  are  receiving  transmissions  from  the 

*  The  distant  far  field  region  must  be  well  removed  from  the  region  of 
turbulence  and  must  be  far  field  in  terms  of  the  size  of  the  apertures 
at  both  ends  if  the  relaxation  to  the  condition  of  side-by-side  unite  is 
to  apply. 

;  Bg9CsS>“  ; 
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same- source,  i.  e.  ,  they  both  collect  the  same  atmospheric  turbulence 
distorted  wavefront. 

One  of  the  more  interesting  implications  of  the  concept  of  antenna 
gain  reciprocity  is  that  it  makes  possible  the  fast  tracking  -;ransmitter 
concept  with  an  expected  10  dB  improvement  in  atmospheric  limit  on  per¬ 
formance  of  a  laser  transmitter.  Key  to  this  is  the  fact  that  reciprocity 
implies  that  the  angular  pointing  adjustment  that  optimizes  the  perform¬ 
ance  of  a  coherent  (or  a  subcoherent)  receiver  will  also  optimize  the  per¬ 
formance  of  a  laser  transmitter  that  shares  the  use  of  the  aperture  with 
the  receiver.  It  is  appropriate  here  to  concern  ourselves  not  only  with 
the  correlation  of  antenna  gain  as  a  function  of  boresight  error  for  an 
ordinary,  i.  e.  ,  a  non-tracking  system,  but  also  to  inquire  into  the  depen¬ 
dence  of  the  correlation  of  antenna  gain  on  boresight  error  for  a  fast 
tracking  system.  For  this  latter  case,  we  will  treat  the  problem  as  one 
of  two  optical  heterodyne  receivers  with  a  common  aperture  where  one 
of  the  two  adjusts  its  local  oscillator  wavefront  to  follow  the  apparent  tilt 
of  the  incident  wave,  while  the  second  receiver  tilts  its  local  oscillator  in 
perfect  synchronism  with  the  first  receiver  --  but  with  some  constant 
additional  angle  corresponding  to  the  boresight  error. 

Allowing  the  presence  of  a  random  phase  as  well  as  amplitude,  we 
can  say  that  the  antenna  gain  of  an  optical  heterodyne  receiver  is  propor¬ 
tional  to 

G{@)  =  J  dx  W(x)  exp  [A(x)  +  i 0(x)  -  i  k”0  *  x]  ,  (1) 

where  x  is  a  two-dimensional  vector  on  the  aperture  plane,  and  W(x) 
is  an  aperture  defining  function  which  is  equal  to  unity  if  the  magnitude 
of  x  is  less  than  one-half  the  diameter  of  the  aperture,  and  is  equal  to 
zero  if  the  magnitude  of  x  is  greater  than  one-half  the  diameter.  l(x.)  is 
the  so-called  log-amplitude  variance  induced  by  atmospheric  turbulence, 
0(x)  is  the  random  phase  perturbation  induced  by  atmospheric  turbulence, 
k  is  the  optical  wave  number,  (i.  e. ,  2tt/X),  and  0  is  the  tilt  of  the  local 
oscillator  relative  to  the  plane  against  which  $(x)  was  defined.  The  angle 


brackets  ()  denote  an  ensemble  average.  For  the  static  case,  we  ca- 
write  for  the  correlation  function  Cj  (9)  for  a  boresight  error  1 

qcl)  =  (Re  [Gfo)  G(eo+0}])  /  (Re  [G(^0)]a>  ,  (2) 

where  we  assume  that  ^  has  been  set  at  a  value  which  optimizes  G(10)  . 
For  the  static  case,  0O  is  not  a  random  variable.  The  use  of  the  real- 
part  operator,  Re  ,  insures  that  we  will  consider  amplitude  only  and 
ignore  phase  in  determining  the  correlation. 

Without  loss  of  generality,  we  can  assume  that  the  plane  against 
which  0 (x)  is  measured  is  so  oriented  that  the  mean  tilt  of  the  phase  dis¬ 
tortion,  as  represented  by  0(x)  ,  is  zero.  This  means  that  10  will  be 
equal  to  zero.  Thus 

Cs(e)  =  (Re[G(0)  G{1}]>  /  (Re[G(0)]s>  .  (3) 

For  the  fast  tracking  case,  we  have  to  consider  1o  to  be  a  random 
variable  which  is  continuously  changing  to  follow  the  apparent  tilt  of  the 
received  wavefront,  inherent  in  0(x)  .  The  adjustment  of  10  is  such  as 
to,  at  every  instant,  maximize  G(10 )  .  For  the  tracking  heterodyne  re¬ 
ceiver,  the  correlation  of  antenna  gain  as  a  function  of  a  boresight  error 

e  is 

0,(0)  =  (Re  [0(00)0(9,3+1)])  /  (Re[G(10)f)  , 

(1,  random  variable)  .  (4) 

Making  use  of  Eq.  (1),  we  can  show  that 

(Re[G(0)  G(1)]>  =  Re  ^  JJ  dx  dx'  W(x)  W(x')  exp  (i  kl  *  x) 

X  (exp  {/(x)  +  X(x')  +  i[0(x)  -  0(x')]}>)  .  (5) 

We  have  shown  elsewhere9  that  for  atmospheric  turbulence  induced  phase 


and  log-amplitude  variations 

<exp{i(x)  +  jt(x')  +  i  [tf(x)  -  0(x')]}>  =  exp  [- fc.0(jx- x'|)  ]  ,  (6) 

where  £  is  the  so-called  wave  structure  function  and  can  be  written  as 

Mr)  =  6.88  {r/r0?'s  ,  (7) 

where  r0  is  a  length  which  measures  the  "strength"  of  the  atmospheric 
turbulence  effect  on  die  coherence  of  the  wave. 

If  we  now  make  the  change  of  variables  from  x  and  x*  to  lr  and 
r '  ,  where 

r  =  x  -  x'  ,  (8a) 

"r*  =  +  x')  ,  (8b) 

then  combining  Eq.  's  (5)  and  (6),  we  get 

<Re[G(0)  G(e)])  =  JJ  dr  d"r  '  W(r'+  £r)  W(r '-  $r)  exp[-  ^(r)] 

X  Re  (exp  [i  k9  ’  (r*  +  £r)])  .  (9) 

The  real  part  of  the  exponential  in  Eq.  (9)is,  of  course,  just  the 
cosine.  We  tan  expand  this  cosine,  as  its  argument  is  the  sum  of  k0  •  “t* 
plus  ^k0  *  1c  ,  into  a  cosine  x  cosine  minus  a  sine  X  sine  form.  If  this  is 
put  into  Eq.  (9),  we  recognize  that  the  rest  of  the  integrand  is  even  in  r  , 
so  that  the  sine  x  sine  contribution  must  vanish  on  integration,  inasmuch 
as  sine  is  odd.  This  means  that  we  can  rewrite  Eq.  (9)  as 

<Re[G(0)  G(e)]>  =  JJ  dr  dir  *  W(r  '+  £r)  W(r  '-  $r)  exp[-  &#(r)3 

X  cos  (kt  *  "r ')  cos(|kl3  •  "r )  .  (10) 

The  formulation  of  the  denominator  in  Eq.  (2)  is  obtained  simply  as 
a  sub-case  of  Eq.  (10),  with  *9  s  0  .  In  this  case  we  have 
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<Re[G(0)]8)  =  JJ  dr  d‘r/  W(r'+  £r)  W(r Jr)  exp[-  J.£(r)]  .  (11) 

For  the  case  of  the  tracking  heterodyne  receiver,  we  have  to  treat 
as  a  random  variable.  In  this  case,  we  get 

<Re[G(f3b)  G(§j+1() ])  =  Re  Qjdx  dx'  W(x)  W(x#)  exp  (i  kl£  *  x) 

X  (exp  (i(x)  +  f(xO  +  i  [0(x)  -  0(x^>*ka9o  ’  (x  -  x')]}>  )  .  (12) 

It  has  been  shown8  that  so  long  as  is  a  random  variable  which  on  an 
instantaneous  basis  matches  the  random  tilt  of  the  wavefront,  as  embodied 
in  the  linear  part  of  the  dependence  of  0(x)  on  x  ,  then 

(exp  (jt(x)  +  j£(x')  +  i[0(x)  -  0{x')-k?  (x  -  x')]}> 

=  exp  [  -  ^  iKjx  -  x*  |  )+4  l^jx  -  x'|3  (  (Uq  J8  )  3  .  (13) 

If  we  substitute  Eq.  (13)  into  Eq.  (12),  and  replace  the  variables  x  ,  x 
by  "r  ,  "t*  ,  as  defined  in  Eq.  (8a  and  b),  we  get 

(Re[G(jy  G(e0+'e)]>  =  JJ  dr  d"r  "  W(r '+  J?)  W(r  Jr) 

X  exp  [-  J.5(r ) +J  k3  r^(  j3)]  Re  (exp[i  k^  •  (r'+  Jr)})  .  (14) 

It  has  been  shown8  that  for  a  circular  aperture  of  diameter  D 


where 


<  |0o  !3  >  =  *5*  J  r  dr  [?c(r*D)  -  ?i(r»D)]^(r) 


?c(r,D)  =  tt-1  (2  cos-Mr/D)  -  2(r/D)[l  -  (r/D)3]*}  , 


(16a) 


(r ,  D)  =  tt"1  {6  cos-1  (r  / D)  -  [14(r/D)  -  8(r/D)3][l  -  (r/D)8]*}  .(16b) 

Applying  Eq.  (7),  it  is  then  possible  to  show  by  simply  carrying  out  the 
integration  that 

&<\%  12>  *  2  X  6.88  r0-6'3  D*  .  (17) 
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With  this  expression  in  hand,  we  can  consider  the  performance  of  the 
integral  in  Eq.  (14)  as  a  straightforward  numerical  matter,  except  that 
it  is  first  convenient  to  replace  the  real  part  of  the  exponential  by  a 
cosine-function,  and  theu  expand  this  as  the  cosine  of  a  sum,  and  then 
drop  the  sine  part  of  the  expansion  on  the  basis  that  it  gives  rise  to  an 
odd  integrand  which  must  vanish  on  integration.  Then  we  can  write 

(Re[G(lk)  G(eo  +  0)3>  =  JJ  dr  dr'  W(r'+fc?)  W(r £r) 

X  exp  [-  &£(r}^ks  ra  <  jeo  |a>]  cos  (k'e  *  "?')  cos(£k0  *  r)  .  (18) 

The  denominator  for  Eq.  (4)  is  obtained  from  Eq.  (18)  by  simply 
■  ■  ^ 

letting  0  vanish,  in  which  case  we  get 

\ 

<Re[G(e0)]a>  =  JJdr  d*  W(?'+fcr)  W(?'-£r)  expC-^rHIk3  r3<|  e0|2>]  .(19) 

With  these  expressions  in  hand,  we  are  now  ready  to  turn  our  atten¬ 
tion  to  the  problem  of  numerical  evaluation  of  the  quadruple  integrals  in 
Eq.'s.  (10),  (111,  (18),  and  (19).  We  take  this  up  in  the  next  section. 

Numerical  Evaluation 

In  previous  papers,  we  have  encountered  quadruple  integrals  of 
the  form  of  Eq.  's  (10),  (11),  (18),  and  (19),  and  have  been  able  to  reduce 
them  to  single  integrations  which  had  to  be  performed  numerically.  How¬ 
ever,  in  the  case  of  Eq.  ’s  (10)  and  (18),  the  presence  of  the  dot  products, 
i.  e.  ,  *0  *  "r  and  *  "r '  so  complicates  the  problem  that  we  do  not  seem 
tc  be  able  to  carry  out  any  of  the  integrations  analytically.  In  this  section 
we  shall  therefore  be  concerned  with  recognition  of  those  symmetries  in 
the  integrands  that  can  be  used  to  reduce  the  magnitude  of  the  numerical 

*  An  attempt  to  attack  the  problem  by  use  cf  Kankel  transforms  reduced 
the  number  of  integrations  by  one,  but  replaced  that  integration  by  ah 
infinite  sum  over  coefficients  obtained  from  a  Gegenbauer -function 
expansion,  as  well  as  introducing  Bessel-functions  into  the  integrand 
and  replacing  the  finite  integral  limits  with  infinite  limits. 


integration  problem. 

We  start  by  representing  in  Eq.  '3  (10)  and  (18)  with  in  rec¬ 
tangular  coordinates  as  (r/  v  r/)  and  with  "r  in  polar  coordinates  as 
(r  ,  0  )  .  Moreover,  we  choose  the  r/-axiB  to  be  parallel  to  *0  ,  and 
orient  the  (r  ,0r)  polar  coordinates  so  that  0r  is  zero  for  ~r  parallel 
to  ”0  .  Thus  we  can  write  for  Eq.  v_0) 

D  2tt  £D  fcD _ _ _ _ _ . 

(Re[G(0)  “  fr  dr  [’d0r  J  dr/  J  dr/  W (/ (r/  +  cos  0J.)3 +(r/+£r  sin  0r)3 

0"  o'  ~£d  -gD 

X  V7  (•f (r/-  fr  cos  0r)®+ (ry4 -^r  sin  0r)8^)  exp[-  3.  44(z/r0f  /3] 

X  cos  (k  9  r/)  cos  (j)  k  9  r  cos  0r)  ,  (20) 

where  we  have  introduced  the  explicit  representation  for  2i(r)  given  in 
Eq.  (7),  and  have  shown  explicitly  the  limits  on  the  r  and  0  integrations 
which  are  inherent  in  the  product  of  the  aperture  functions,  W  .  The 
limits  shown  for  the  r/-  ,  and  r/-integrations  are  excessive  in  that  for 
some  combinations  of  values  of  r/  and  r/  allowed  by  these  limits,  the 
product  of  the  W 1  s  will  vanish.  For  Eq.  (18),  the  equivalent  expression  is 

D  2rr  fD _ _ 

(Re[G(e0)G(e0+ 10)])=  Jr  dr  f  d  0r  J  dr/  J  dr/  W (V(r/+^r” cos  0r)a+(r/-!-^  sin^j.)3  ) 

o°  o°  -fcD  -£D 

X  W(V{r/-^r  cos0r)s  +  (r/-^r  sin0r)3  )  exp{-  3.  44(r/r0)s/3[l  -  (r/D)^]} 

X  cos  (k  9  •/)  cos  (^  k  8  r  cos  0r)  ,  (21) 


where  hex*e  we  have  also  made  use  of  Eq.  (17). 

At  this  point,  viewing  Eq.  "a  (20)  and  (21),  we  note  that  it  would  be 
convenient  to  separate  out  the  0r-  ,  r/~  ,  and  r/-inf,egrations.  We  get 
the  same  quantity  from  either  Eq.  (20)  or  (21),  which  we  define  as  the 
function  F(q,  r)  ,  which  we  can  write  as 
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2tt  |D 


^(^r)  =  r  d0r  J*  dr/  j*  dr/  W  (/(r/+fcr  cos^F+tr /+$r  sin0r)a  } 

o  4d  -£d 

X  W^r/.^r  cos 0r)3 +{r /-'{'■  v  sin0r)P  )  cos  (kQr/)  cos  (fck  0r  cos0r)  *  (22) 

With  this  function  in  hand,  we  can  write  in  place  of  Eq.  's  (20)  and  (21), 

D 

<Re[G(0)  G{0)]>  =  J  r  dr  F(e,  r)  exp[-  3.  44(r/r0)s/’3]  ,  (23) 

o' 

D  x 

(Re[G(%)  -  j'r  dr  F{@,r)  exp  {-  3*  44  (r/r0f/3[l  -  (r/D)3]},  (24) 

o' 

Examining  Eq.  (22),  we  note  that  the  integrand  is  even  in  r/  and 
in  r/  .  This  means  that  we  can  replace  the  limits  on  these  integrations, 
which  were  -§D  to  ,  with  the  limits  0  to  +^D  ,  by  simply  intro¬ 

ducing  a  factor  of  4  .  We  also  note  that  the  integrand  is  unchanged  if 
0r  is  replaced  by  tt  +  0r  .  This  means  that  by  introducing  another  factor 
of  2  ,  we  can  reduce  the  range  of  the  integration  from  0  to  2ti  to 
0  to  tt  .  Thus  we  can  write 

n  £D  _ _ % 

F(0,r)  =  8  |d0r  jdr/  J  dr/  Wv{r/+£r  cos0r)a+(r/+jjfr  sin0r)8  ) 
o  o  o' 

X  W(V(r/-ir  cos^yP+ir/- £r  sin^j.)3  )  cos  (k  0  r/)  cos  ($k  8  r  cos0r)  -  (25) 

As  a  practical  matter  in  carrying  out  the  integrations,  it  is  convenient  to 
cast  the  integral  of  over  the  range  -ijm  to  tt  as  an  integration  over 
the  range  0  to  ,  but  with  a  somewhat  different  integrand.  Further¬ 
more,  it  is  convenient  to  introduce  the  unit  circle  aperture  function,  W(p) 
which  13  unity  for  p  less  than  one-half,  and  zero  for  p  greater  than  one- 
ha  Ji-.  Then  we  can  write 
fan  % 

F(8,r)  -  8  TfJitrJ it; j ^  (t/dXI)008  *] 

X  { W (V[ r/+ 1 {r/D}  c os 0r ]a  +  [ r/+ (r / D)  s in0r ]3  ) 

X  W  (/[r/-4(r  /D)  coaifo.  ]a  +  [r/-£(r/D)  sin0r  ]3  ) 

+  W  ^Cr/+i(r/D)*c°s0r'3aHr  [r/-fc(r/D)  sin0r]3') 


where  we  have  replaced  k  by  2rr/X  .  At  this  point,  we  note  that 
actually  we  can  do  the  ry -integration  now.  Each  of  the  two  products 
of  W- functions  gives  rise  to  an  allowed  range  of  x'  over  which  the  value 
of  the  product  is  unity,  and  outside  which  it  is  aero.  The  first  W-function 
in  Eq.  (26)  gives  rise  to  the  condition 

[r/+£(r/D)  cos  0r]a  +  [ry  +  fc(r/D)  sin^  ]a  *  %  (2 

which  is  an  eqtiality  when 

T*  =  -  £(r/D)  sin  ^  [r/+£(r/D)  cos0r]8  .  (2 

Only  for  values  of  x*  that  fall  between  the  two  values  of  x*  given  by 
Eq.  (28)  will  the  first  W-function  in  Eq.  (26)  be  non- vanishing.  The 
second  W-function  in  Eq.  (26)  gives  rise  to  the  boundary  points 

*y  =i(r/D)  sin#*.  -  [rx'  -  fc(r/D)  cos  0r]a  .  (2 

We  see  that  for  the  product  of  the  first  two  W- functions  in  Eq.  (26),  the 
upper  bound  is  the  lesser  of  the  two  upper  values  in  Eq.  *s  (28)  and  (29), 
which  since  0  s:  <fir  s  ^rr  ,  is 


£rr  ,x 


"i(r  /D)  sin0r  +V|  -  [rx'+$(r/D)  cos  0J.J* 


,  whichever  is 

greater  (30) 


The  possible  value  of  zero  is  introduced  in  Eq.  (30)  to  take  account  of 
the  fact  that  the  lower  limit  on  the  ry'- integration  in  Eq.  (26)  is  zero. 

Similarly,  for  the  product  of  the  first  two  W-functions  in  Eq.  (26), 
the  lower  bound  is  the  greater  of  the  two  lower  values  in  Eq.  *a  (28)  and 
(29),  which  is 


*rr  W  ~  { 


£(r/D)  sin  0r  -  V|  -  [r/-^(r/D)  cos  0r]a 


,  whichever  is 

greater  .  (31) 


Here  again  the  zero  is  introduced  to  take  account  of  the  lower  limit  on 

the  ry'- integration  in  Eq.  (26).  The  allowed  range  of  r '  in  the  r* -integration, 

for  which  the  product  of  the  first  two  W- functions  is  non- vanishing,  is 

Svy  ,i  “  (ry 

Y =  4  ,  whichever  is  greater  .  (32) 

The  introduction  of  the  possibility  of  a  zero  value  in  Eq.  (32)  takes  account 
of  the  fact  that  nothing  in  the  above  formulation  precluded  the  possibility 
of  an  upper  bound  less  than  the  lower  bound,  in  which  case  the  allowed 
range  of  the  r' -integration  is  zero,  not  negative. 

If  we  go  through  exactly  the  same  procedures  for  the  product  of 
the  second  two  W-functions  in  Eq,  (26),  the  corresponding  results  are 

-£(r/D)  sin0r +V|  -  [rx'+^(r/D)  cos  0r]a 

UB  =  I  _ _ _ v ,  whichever  is  less  (33  ') 

®(r/D)  sin 0r  +  1 D)  cos  0r]a 


UB 


[r*  ~  i  '  whichever  is  greater 

A 


(33) 


\ f(r/D)  sin0r-V^  -  [r/+^(r/D)  cos 0r 3** 

(ry  )j 2  =  -j  >  whichever  is  greater 

l0  (34) 


■{ 


(r/ W  "  fr/W 


,  whichever  is  greater 


(35) 


where  Y ^  is  the  allowed  length  of  the  r' -integration  over  which  the 
product  of  the  second  two  W-functions  in  Eq.  (26)  is  non-vanishing.  (Note 
that  Eq.  's  (33)  and  (33')  do  not  exactly  correspond  to  Eq.  (30),  since  for 
Sq.  (30)  the  selection  performed  in  Eq.  (33  *)  is  trivial.  ) 


We  now  can  rewrite, Eq.  (26)  in  the  form 

*"  4  -  U-\ 


F(S,  (r/D|)  =  8  D>  Jd  0 r  J1  dr,'  cos  [2n  r»']  cos  jji  “»»r]  YX>  l36) 


where 

Y*  =  YJU  +  Y/.2  > 

and  where  we  have  taken  the  liberty  of  replacing  r  by  r/D  in  the 
argument  of  F  ,  since  it  is  only  (r/D)  that  appears  in  the  right  hand 
side  of  Eq.  (27). 

Now  we  can  rewrite  Eq.  's  (23)  and  (24)  as 

.  1  e  _  _  _6/3v 

<Re[G(0)  Gfe)])  =  D?  J  r  dr  F(e,  r)  exp  3.44  }  > 


(37) 


(38) 


<Re[G(^)G(e0  +  ^)]>=Ds  Jr  dr  F(e,  r )  exp  [-3. 44  -r^)}  ,  (39) 

where  here  F(0,r)  corresponds  literally  to  the  definition  in  Eq.  (36). 

I.  e.  ,  r  as  used  here  runs  from  zero  to  one  and  corresponds  to  (r/D) 
in  Eq.  (36),  which  also  runs  over  the  range  of  zero  to  one. 

We  have  prepared  computer  programs  to  carry  out  the  calculations 
corresponding  to  Eq.  's  (36),  (37),  (38),  and  (39).  These  programs  are 
listed  at  the  end  of  this  appendix.  It  should  be  noted  that  actually,  rather  than  cal¬ 
culate  (Re[G(0)  G(©)])  and  (Re[G(0o)  G(e0  +  I5)])  from  Eq. 's  (38)  and 
(39),  we  calculated  a  quantity  equal  to  (2/tt)  times  these  quantities.  This 
represents  "diameter  normalization"  in  that  it  scales  the  results  so  that 
for  the  case  K  =  0  ,  for  which  we  are  calculating  the  mean  square  antenna 
gain,  the  asymptotic  limit  for  very  large  diameters  equals  unity.  The 
actual  rms  antenna  gain  in  this  limit  is  equal  to  the  free  space  value  for 
an  antenna  with  diameter  D  =  r0  .  In  Table  1,  we  list  the  values  of 
F(e,  r)  calculated  according  to  Eq.  (36).  In  Table  2,  we  list  the  values 
of  (2/tt)  <Re[G(0)  G(0)]>  ,  and  in  Table  3,  we  list  the  values  of 
(2/TT)(Re[G(e0)  G(6b  +  Q  )]>  ,  each  shown  as  a  function  of  both  0  and  D/r0  , 
calculated  on  the  basis  of  Eq.  's  (38)  and  (39).  In  Tables  4  and  5,  we  show 
the  values  of  the  correlation  of  antenna  gain  for  static  and  tracking  systems, 
i.  e.  ,  C,  (0)  and  Cj  (9)  ,  calculated  from  Eq.  's  (3)  and  (4),  each  as  a 
function  of  9  and  D/r0  .  In  the  next  section,  we  discuss  the  significance 
of  these  results. 
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Discussion  of  Results 

All  of  the  important  results  of  our  work  are  contained  in 
Tables  4  and  5.  These  tables  tell  us  how  well  antenna  gain  is  corre¬ 
lated  between  two  units  with  a  common  aperture  when  there  is  a  boresight 
error.  The  results  in  Table  5  apply  for  the  case  in  which  fast  tracking  is 
used,  while  those  in  Table  4  apply  for  a  system  without  such  tracking. 

If  the  correlation  is  high,  then  the  antenna  gain  of  a  transmitter  unit 
using  the  fast  tracking  signal  from  a  nearly  coherent  receiver  to  which 
it  is  nominally,  but  somewhat  inaccurately  boresighted,  will  be  nearly 
as  good  as  that  of  the  receiver.  We  take  the  correlation  in  this  case  from 
Table  5.  The  results  in  Table  4  are  of  use  in  estimating  the  boresight 
achieved  in  a  reciprocity  experiment  in  which  less  than  100%  correlation 
is  observed.  For  an  experiment  in  which  the  correlation  is  95%,  the 
boresight  error  is  apparently  about  0.  2  X/D,  as  can  be  seen  from  Table  4. 

It  is  particularly  interesting  to  consider  the  boresight  require¬ 
ments  between  the  laser  transmitter  and  the  beacon  tracker  in  a  fast 
tracking  laser  transmitter  in  a  laser  communications  link.  In  this  case, 
as  a  practical  matter,  we  are  interested  in  a  diameter  of  about  1.  5  ifc  . 
We  have  taken  the  appropriate  data  on  Cj  (8)  from  Table  5,  and  plotted 
it  in  Fig.  1.  As  can  be  seen  from  Fig.  1,  a  boresight  misalignment  of 
^  \/D  ,  corresponding  in  a  sense  to  the  standard  Rayleigh  criteria,  will 
assure  a  correlation  of  antenna  gains  of  92^%.  This  means  that  to  a 
close  approximation,  we  earn  expect  a  fast  tracking  transmitter  system  to 
achieve  nearly  its  fulJ  expected  performance,  even  though  its  alignment 
is  less  than  perfect. 

In  general,  we  expect  no  significant  limitation  to  the  applicability 
of  reciprocity  due  to  boresight  alignment  problems. 
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Computer  Programs  Used  in  Preparing  Appendix  II 

Pr  ogr am  1 

This  program  calculates  tables  of  F(e,r)  as  a  function  of  9  and  r  , 
From  Eq.  (36). 


1010 

1020 

1030 

1040 

1050 

1060 

1070 

1080 

1090 

1100 

1110 

1120 

1130 

1140 

1150 

1160 

1170 

1180 

1190 

1200 

1210 

1220 

1230 

1240 

1250 

1260 

1270 

1280 

1290 

1300 

1310 

1320 

1330 

1340 

1350 

1360 

1370 

1380 

1390 


TILT  WEIGHTED  APERTURE  OVERLAP  PROGRAM  -  MAIN  PROGRAM 
SMAP 
SDEBUG 

REAL  THETA(14)*R(41)*RP(41)*C(14*  41)*F(14*41)* 

+DF(  1  4)* PHI  (41  )*  CPHI  (41  )*  SPH  1.(41  ) 


DATA  F* DF*  PI/588*G*  3.  1 41 592653/* THETA/ 0* . 03* . 1 * • 2* 
+»3*»5*«7»  1  j  1  •  3*  1  •  6*  2*  2*  4*  2»  8*  3«  3/ 

DO  1  INDEX= 1*41 

PHI C INDEX)" ( INDEX- 1 )*PI/80. 

CPHI C INDEX)=C0S(PHI ( INDEX) ) 

SPHICINDEX)=SIN (PHI (INDEX)) 

R(INDEX)=( INDEX- l)/40. 

RP  (INDEX)  =  (  INDEX- 1V80. 

1  CONTINUE 

DO  2  1-1*14 
DO  3  K=  1  *  41 

C(I*K)=C0S(2*PI*THETA(I)*RP(K)) 

3  CONTINUE 

2  CONTINUE 

WRITE( 1*0)  * ♦* "CONDITION  SET  TIME  =  ”*  TIM(O.O) 


8 


DO  4  J=  1*41 
WRITEC1  *  0)  t,"J  = 

DO  5  M=  1*41 
IF(J.NE.l)  GO  TO  6 
IF(M/5.NE.M/5. )  GO  TO  6 
WRITE(  1*0)  "M  =  "*M*" 

CONTINUE 

RX-R(J)*CPHI(M) 

HRX=RX/2 

HRY=R(J)*SPHI(M)/2 
DO  7  K= 1  *  41 

CALL  YLENGTH(RP(K)*HRX*HRY* YL) 

DO  8  1=1*14 

DF( I )=DF( I )+YL*C( I*K) 

CONTINUE 


TIME  =  "*TIM(0.0> 


TIME  =  "*TIM(0.0) 
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Program  1  (Continued) 


1400  IFCK.NE.l)  G0  TO  9 

1410  D0  10  1=1*14 

1420  DF<I)  =  DF<I).'2 

1430  10  CONTINUE 

1440  9  CONTINUE 

1450  7  CONTINUE 

1460  DO  11  1=1*14 

1470  Ff  I*  J)=FCI*  J)+DF<I)*C0SCPI*THETACI)*RX) 

1480  IFCM.NE.41)  DFCI)=0 

1490  11  CONTINUE 

1500  IFCM.NE. 1 )  60  TO  12 

1510  DO  13  1=1*14 

1520  FCI* J)=F(I* J)/2 

1530  13  CONTINUE 

1540  12  CONTINUE 

1550  IFCM.NE.41)  GO  TO  15 

1560  DO  16  1=1*14 

1570  F(I*J)=F(I*J)-.5*DFCI )*COSCPI*THETA( I )*RX) 

1580  DF  Cl )  =  0 

1590  16  CONTINUE 

1 6C0  15  CONTINUE 

1610  5  CONTINUE 

1620  .  DO  14  1=1*14 

1630  F(I*J)=F(I*J)*PI/1 600 

1640  14  CONTINUE 

1650  WRITE C 1*20)  < F< I* J) *  1  =  1  *  1 4) 

1660  20  FORMAT? 14F5. 4) 

1670  4  CONTINUE 

16C0  * 

1690  0 PEN ( 3 ) 0 UTPUT  FIJ 

1700  WRITFC3*  0)  F 

1710  CLOSE 

1720  STOP 


Progr  am  2 


1010 

1020 

1030 

1040 

1050 

1060 

1070 

1080 

1090 

1100 

1110 

1120 

1130 

1140 

1150 

1160 

1170 

1180 

1190 

1200 


This  program  is  used  as  a  subroutine  for  Program  1. 
from  Eq.  (37)  . 


SUBROUTINE  YLENGTH ( RPXK> HRX>  HRY *  YL  5 
SMAP 
SDEBUG 

* 

* 

YL=0 

X2M= ( RPXK-HRX5  *  2 
X2P= ( RPXK+HRX5  *  2 
IFCX2P.GE..25)  G0  T0  1 
SRM=SQRT  C • 25-X2M5 
SRP=SQRT  C • 25-X2P) 

YMAX=AMAX(0* -HRY+SRP) 
YMIN=AMAXCHRY-SRM, 05 
YL=AMAX< YMAX-YMIN*  05 

YMAX=AMAX<0* AMIN C-HRY+SRM* HRY+SRP5 5 
YMIN=AMAXCO^ HRY-SRP) 

YL=YL+AMAX(Oj  YMAX-YMIN) 

1  CONTINUE 
RETURN 
END 


It  calculates 
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Program  3 


This  program  prepares  a  formated  output  of  the  values  of  F(9,  r) 
prepared  by  Program  1.  Its  output  is  shown  as  Table  1. 


.  1010  * 

PRINT  FIJ  --  MAIN  PROGRAM 

1020 

SMAP 

1030 

SDEBUG 

1040 

REAL  F(  1  4.»  41 ) 

1050  * 

1060  * 

1070 

0PENC3)  INPUT  FIJ 

1080 

READC3..0)  F 

1090 

CLOSE 

1100  * 

1110 

WRITEC  1 .» 0)  ttrt 

1120 

D0  1  J=i*41 

1130 

WRITE C 1*9)  CCJ-1 • )/40. )*CFCI*J).»I  =  1.>7) 

1140 

1 

CONTINUE 

1150 

WR1TEC1>0)  tt 

1160 

D0  2  J=l#  41 

1170 

WRITEC  1*9)  CCJ-1.)/40.)*CFCI.»J>>  I  =  8.»  14) 

1180 

2 

CONTINUE 

1190 

WRITEC 1*0)  tt 

1200 

9 

F0RMATCF4#  3*  2X>  7<Xj  FS»  6) ) 

1210 

STOP 

1220 

END 
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•  •»*  —  — - - «■—. . . . fv  ■■  - a* 


Program  4 


I 


This  program  calculates  tables  of  (2/n)(Re[G(0)  G(0)])  and 
(2 At)  <Re[G(0o)  G(e0+t)  ,  as  a  function  of  D/r0  and  0  ,  from 
Eq.  's  (38)  and  (39)  . 


i 


* 


7 


1010  * 
1020 
1030 
1040 
1050  * 
1060  * 
1070 
1080 
1090 
1100  * 
1110 
1120 
1130  * 
1140 
1150 
1160 
1170 
1180 
1190 
1200 
1210 
1220 
1230 
1240 
1250 
1260 

1270  3 

1280 
1290 

1300  4 

1310  2 

1320  1 

1330 
1340 

1350  5 

1360  6 

1370 
1380 
1390 

1400  7 

1410 

1420 

1430 

1440 

1450 


B0 RESIGHT  TOLERANCE  EVALUATION  -  MAIN  PROGRAM 
SMAP 
SDEBUG 

REAL  FC14* 41 )*CHI 1 C 1  4* 26 ) * CHI 2C 1  4, 26)> DRN (26) 


DATA  DRN*CHI1*CHI2*PI/.01>.03>  .  1,  .  2*  .  3*  .  5*  .  7,  J  >  i .  3*  1 . 5* 
+  1  *  7*  2*  2.  3*  2.  6*  3*  3.  5*  4*  4.  5*  5*  5. 5*  6*  6.5*  7*  8*  9*  10*7  28*0* 
+3.141592653/ 

OPEN (3) INPUT  FIJ 
READ (3*  0  )  F 

DO  1  K=  1*26 

WRITEC  1*0)  "K=  "*K* "  TIME  =  ”>TIMC0.0) 

Q=32*CDRNCK)/PI)t2 
C= « 1/3 
DO  2  J=2*  41 

Pl  =  CDRNCK)*CJ-l)/40.)»  C5./3.) 

P2=Pl*Cl-CCJ-l)/40. Cl./ 3. )) 

E1=EXPC-3.44*P1) 

E2=EXPC~3. 44*P2) 

DO  3  1=1*14 

TEMP=C*  (  <«J-  1  )/40.  )*Q*F C  I*  J) 

CHI  1 C I*  K)=CHI 1 C I*  K)  +  TEMP*E 1 
CHI2C I*K)=CHI2C I*K)+TEMP*E2 
CONTINUE 

1FCC.NE. . 1/3)  C= . 1/3  J  GO  TO  4 

C=. 05/3 

CONTINUE 

CONTINUE 

CONTINUE 

DO  5  K= 1  *  26 

WRITEC 1*6)  CCHI1CI*K)*I=1* 14) 

CONTINUE 
FORMAT  C 1 4F5. 4) 

WRITEC 1*  0) *  t 
DO  7  K=  1*26 

WRITEC 1*6)  CCHI2CI*K)*I=1* 14) 

CONTINUE 

0PENC4)0UTPUT  CHI  12 

WRITEC4*0)  CHI 1* CHI2 

CLOSE 

STOP 

END 


Pr  pgr  am  5 

This  program  prepares  formated  outputs  of  the  results  of  Program  4, 
.'.onstituting  Tables  2  and  3.  It  then  calculates  the  normalized  antenna 
gain  angular  dependence  (8)  and  Cj  (8)  ,  from  Eq.  's  (3)  and  (4)  and 
the  outputs  of  Program  4,  and  prepares  formated  outputs  of  these  results, 
as  Tables  4  and  5. 


1010 

10S0 

1030 

1040 

1050 

1060 

1070 

1080 

1090 

1100 

1110 

1120 

1130 

1140 

1150 

1160 

1170 

1180 

1190 

1200 

1210 

1220 

1230 

1240 

1250 

1260 

1270 

1280 

1290 

1300 

1310 

1320 

1330 

1340 

1350 

1360 

1370 

1380 

1390 

1400 

1410 
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PRINT  BORE-iium  DATA  —  MAIN  PR06RAM 
$MAP 
SDE8UG 

REAL  DRNC26),  CHI  1 C 1 4, 26), CHI2C 1  4, 26) 


DATA  DRN/  •  0 1  ,  •  03,  •  1 ,  •  2,  •  3,  •  5,  •  7,  1 ,  1  •  3,  1  •  5,' 

+  1  •  7,  2,  2*3, 2*6, 3, 3*  5,  4,  4»  5,  5,  5»  5,  6,  6»  5,  7,  8,  9,  10/ 
0PENC4)  INPUT  CHI 1 2 
READC 4, 0)  CHI  1, CHI2 
CL0SE 

WRITEC 1,0)  tttt 
D0  1  J= 1 , 26 

WRITER  1,9)  DRNCJ), CCHI 1(1, J), 1  =  1,7) 

CONTINUE 
WRITEC  1,0)  tt 
D0  2  J= 1 , 26 

WRITEC 1,9)  DRNCJ), CCHI 1 C I, J) , 1  =  8,  1 4) 

CONTINUE 
WRITEC 1,0)  t»»t 
DO  3  J= 1,26 

WRITEC 1,9)  DRNCJ), C CHI2C I, J) , I  =  1 , 7) 

CONTINUE 
WRITEC 1,0)  tt 
DO  4  J=l, 26 

WRITEC l, 9)  DRNCJ), CCHI2C I, J), 1=8, 1 4) 

CONTINUE 

WRITEC 1,0)  ttttt 

F0RMATCF4.2,X,7CX,F8.6)) 

D0  5  J= 1 , 26 

WRITEC 1,8)  DRNCJ), CCCHI1 Cl, J)/CHI1C1, J)),I=2, 14) 
CONTINUE 
WRITEC 1,0)  ttft 
DO  6  J=  1,26 

WRITEC 1,8)  DRNCJ), C CCHI2CI, J)/CHI2C 1, J) ), 1=2, 14) 
CONTINUE 
WRITEC 1,0)  ttttt 
F0RMATCF4.2,X, 13F5.3) 

STOP 

END 
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Figure  1.  Antenna  Gain  Correlation,  C,  (9)  ,  for  a  Tracking  System.  The  ape 
diameter  in  this  case  is  D  =  1.  5  r0 


Table 


1 


F(0,r) 


K 

0.  0 

0.  03 

0.  1 

0.  2 

0.  3 

0.  5 

0.  7 

*0.0 

2. 468623 

2.465897 

2.438454 

2.349420 

2.205844 

1.784893 

1.253626 

.025 

2. 391071 

2. 388498 

2. 362537 

2.278490 

2. 142769 

1.74401 1 

1.238560 

•  050 

2.312629 

2.310210 

2.285850 

2.206760 

2.079021 

1.702927 

1 .224131 

.075 

2.234207 

2.231930 

2.209004 

2.  134546 

2.014216 

1 . 659353 

1.206034 

.100 

2.  155945 

2. 1 53800 

2.  132192 

2.062001 

1.948517 

1.613441 

1 . 184298 

.125 

2. 555800 

2.553332 

2.528469 

2. 447688 

2.317024 

1.930741 

1.434699 

.  1  50 

1.998007 

1 . 996095 

1.976834 

1.914253 

1.813025 

1.513746 

1 • 129356 

.175 

1.920535 

1.918724 

1.900484 

1.841218 

1.745346 

1.461852 

1.097576 

.200 

1 .843320 

1.841602 

1 . 824301 

1.768088 

1.677158 

1 . 408292 

1.062838 

.225 

1 .7  66459 

1.764827 

1.748389 

1.694983 

1 . 608602 

1 .353254 

1 .025331 

•  250 

1.690312 

1 . 688758 

1 . 673104 

1.622249 

1 . 540008 

1.297009 

.985228 

.275 

'1.614490 

1 .613008 

1.598081 

1.549592 

1.471193 

1.239670 

.942940 

.300 

1.539227 

1.537812 

1.523556 

1 . 477251 

1.402399 

1 .181485 

.898706 

.325 

1 . 464654 

1.463300 

1 . 449662 

1.405369 

1.333786 

1 .122658 

. 5327 7  3 

.350 

1.390840 

1 .389543 

1.376477 

1.334050 

1.265499 

1.063448 

.805525 

.375 

1.317584 

1.316341 

1.303817 

1 . 263154 

1 .197467 

1.003977 

.757305 

.400 

1 . 245261 

1.244067 

1.232051 

1.  U3038 

1. 130033 

.944553 

.708401 

.425 

1 . 173506 

1.172362 

1 .160836 

1. 123421 

1.063008 

.885253 

.659196 

.450 

1. 102903 

1 .101805 

1.090745 

1.054845 

.996890 

. 826460 

. 609967 

.415 

1.033441 

1.032387 

1.021776 

.987336 

.931749 

.768371 

. 561082 

.500 

. 964676 

. 963667 

.953505 

.920526 

.867307 

.710966 

.512816 

.525 

.89730! 

.896336 

.886615 

.855068 

.804171 

.654735 

.465564 

.550 

. 831190 

. 830268 

.820987 

.790871 

.742292 

.599754 

.419559 

.57  5 

.766189 

.765312 

.756480 

.727827 

.681618 

.546124 

.375083 

.600 

. 702667 

.701836 

.693460 

.666291 

.622489 

. 4941 56 

.332437 

.625 

. 640510 

. 639725 

.631820 

.606182 

.564862 

. 443° 1 3 

.291801 

•  650 

.579888 

.579152 

. 571733 

.547677 

.508922 

.395600 

.253416 

.675 

.521142 

.520455 

.513535 

.491101 

. 454975 

.349483 

.217504 

.700 

. 464256 

.463620 

. 457215 

. 436457 

. 403048 

.305643 

. 184196 

.725 

. 409094 

.408511 

.402645 

.383638 

.353067 

.264092 

.153582 

.750 

.356099 

.355571 

.350260 

. 333056 

. 305407 

.225099 

.125799 

.775 

.305172 

.304702 

.299966 

.284634 

.260014 

. 188665 

. 100886 

•  800 

.256768 

.256356 

.252209 

.238788 

.217256 

.155023 

.078902 

•  825 

.211060 

.210707 

.207157 

.  195675' 

.  177273 

. 124246 

.059805 

.850 

.168166 

.  167874 

. 164928 

.  155406 

.140164 

.096384 

.043566 

.875 

. 128434 

. 128201 

.125859 

.  118290 

.106192 

.071568 

.030128 

.900 

.092225 

.092051 

.090300 

.084646 

.075621 

.049895 

.019372 

.925 

.060136 

.060018 

.058829 

.054992 

.048878 

.031523 

.01 1131 

.950 

.032894 

.032826 

.032148 

.029964 

.026488 

.016671 

.005256 

.975 

.011674 

.01 1 649 

.011399 

.010592 

.009312 

.005713 

.001575 

*1.0 

.000000 

.000000 

.000000 

.000000 

.000000 

.000000 

-.000000 

Note:  0  is  measured  in  units  of’  X/D  . 
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Table  i  (Continued) 
F(0.  r) 


rX 

1.  0 

1.  3 

1.6 

2.  0 

2.  4 

2.  8 

3.  3 

*0.0 

. 453540 

-. 1 13367  -. 323536 

-.  168462 

. 095566 

.  153026 

-.018867 

.025 

.470116 

-.086627  -.308995 

-.  182171 

.073068 

. t 47889 

-.003144 

.050 

. 489265 

-.055180  -.288677 

-.  191958 

.049918 

. 1 40069 

.014318 

.075 

.504918 

-.024184  -.264631 

-.  195988 

.027533 

. 126202 

.026958 

.100 

.516671 

.005452  -.237793 

-.193927 

.007972 

. 108075 

.032770 

.125 

. 658161 

.053970  -.248417 

-.229689 

-.016743 

*  101091 

.039744 

.150 

.527207 

.057551  -.179970 

-.172739 

-.016536 

.068843 

.023409 

.175 

. 526201 

.078646  -. 151485 

-.  155385 

-.019790 

.052733 

.011396 

.200 

. 520908 

.095795  -.124681 

-. 135157 

-.017109 

.041497 

-.001 840 

.225 

.511348 

. 108586  -.100534 

-. 113446 

-.009259 

.036039 

-.013449 

.250 

.497443 

. 1 16555  -.079983 

-.091684 

.002527 

.036374 

-.021101 

.275 

.479785 

. 119949  -.063578 

-.071529 

.016362 

.041624 

-.023469 

.300 

. 458536 

. 118705  -.051794 

-.054191 

.030470 

.050173 

-.020612 

.325 

.433955 

.112958  -.044819 

-.040577 

.043132 

-060020 

-.013803 

.350 

.406542 

.103120  -.042591 

-.031416 

.052890 

.068980 

-.005137 

.375 

. 376880 

.089776  -.044792 

-.027026 

.053577 

.075404 

.003144 

.400 

.345295 

.073362  -.050923 

-.027148 

.059770 

.077865 

.008764 

.42S 

.312549 

.054771  -.060204 

-.031304 

.056679 

.076220 

.010620 

.450 

.278882 

.034409  -.071959 

-.038658 

.049832 

.070440 

.008252 

.475 

.244943 

.013168  -.085143 

-.048088 

.040346 

.061 594 

.002527 

.500 

.211373 

-.008136  -.098890 

- >058568 

.029663 

.051508 

-.004816 

.525 

.  178602 

-.028780  112055 

-.068596 

.019218 

.041488 

-.012046 

.550 

. 147084 

-.043140  -. 123884 

-.077191 

.010329 

.033181 

-.017309 

.575 

. 117347 

-.065538  -. 133628 

-.083501 

.004061 

.027874 

-.019307 

.600 

.089772 

-.080402  -. 140491 

-.086600 

.001181 

.026075 

-.017646 

.625 

. 064660 

-.092420  -.144237 

-.086362 

.001752 

.027680 

-.013016 

.650 

.042318 

-.101227  -.144508 

-.082607 

.005571 

.032019 

-.006623 

.675 

.022934 

-. 106643  -. 141167 

-.075467 

.011966 

.037793 

-.000255 

.700 

.006645 

-.108657  -.134461 

-.065633 

.019810 

.043536 

.004380 

.725 

-.006444 

-.107342  -. 124798 

-.054003 

.027935 

.048081 

.006402 

.750 

-.016402 

-. 102953  -. 112631 

-.041369 

.035169 

.050144 

.005183 

.775 

-.023245 

-.095744  -.098579 

-.028771 

.040474 

.049212 

.001268 

.800 

-.027196 

-.086200  -.083344 

-.017099 

.043018 

.044961 

-.004438 

.825 

-.028551 

-.074926  -.067785 

-.007212 

.042515 

.038093 

-.010214 

.850 

-.027536 

-.062396  -.052557 

.000349 

.039059 

.029557 

-.014676 

.875 

-.024534 

-.049263  -.038384 

.005231 

.0331 24 

.020574 

-.016702 

.900 

-.019995 

-.036181  -.025862 

.007405 

.025476 

.012355 

-.015873 

.925 

-.014522 

-.023908  -.015491 

.007198 

.017225 

.005922 

-.012537 

.950 

-.008711 

-.013130  -.007593 

.005178 

.009452 

.001826 

-.007731 

•  97S 

-.003337 

-.004631  -.002346 

.002235 

.003255 

.000104 

-.002892 

* 

• 

o 

-.000000 

-.000000 

.000000 

. 000000 

.000000 

-.000000 

-.000000 

Note:  9  is  measured  in  units  of  X/D 
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Table  2 


(2/tt>  <Re[G(0)  G(1)]> 


V 

l/rA 

o 

• 

o 

0.  03 

0,  1 

0.  2 

0.  3 

0.  5 

0.7 

'/  rG 

-OA 

.000101 

.000100 

.000099 

.000096 

.000090 

.000073 

.000051 

.03 

.000903 

.000902 

.000892 

.000859 

.000807 

.000652 

.000457 

.  10 

♦009847 

.009836 

.009726 

.009371 

5  008797 

.007117 

.004998 

.20 

.037580 

.037539 

.037123 

.035775 

.033601 

.027227 

.019183 

.30 

.079291 

.079205 

.078336 

. 075517 

.070970 

.057633 

.040786 

.50 

.186778 

.  186580 

.  184576 

. 178082 

.  167601 

.  136827 

.097869 

.70 

.301405 

.301092 

.297940 

.287709 

.271195 

.222653 

.161053 

1.00 

.450618 

.  450 1 66 

.  445608 

.  430811 

.406913  . 

.336556 

.246970 

1.30 

.561720 

.56il69 

.555620 

.537601 

.508486 

.422667 

.313119 

1.50 

.618030 

.617429 

.611383 

.591745 

.560009 

.466410 

.346793 

1.70 

. 663749 

.663108 

.  656650 

.635675 

.601771 

.501742 

.  373800 

2. CO 

.717350 

.717158 

.710193 

.687568 

.  650995 

.543045 

. 4C4868 

2.30 

1 759653 

.  758920 

.751539 

.727561 

.688798 

.574364 

.427833 

2.  60 

.792828 

• 79206G 

.784328 

.759212 

.718606 

. 598724 

.445199 

3.00 

.827^65 

.826658 

.818537 

.792154 

.749503 

.623586 

.462347 

3.50 

.859736 

.858891 

.850379 

. 822731 

.778035 

.646104 

.477227 

4.00 

.883215 

.882340 

.873522 

. 844382 

.798586 

.  661964 

. 487 1 69 

4.  50 

.900263 

.899363 

.890306 

.860888 

.813339 

.673057 

. 493682 

5.00 

.912522 

.911604 

.902359 

.872331 

.823801 

. 680665 

.497749 

5.50 

.921245 

.920313 

.910919 

.880411 

.831  110 

. 685740 

. 500080 

6.00 

.927424 

.926479 

.916967 

.886077 

♦836164 

.689029 

.501222 

6.50 

.931848 

.930895 

.921286 

.890086 

.839677 

.691118 

.501598 

7.00 

.935138 

.934176 

.924488 

.893029 

.842206 

.692463 

.501534 

8.00 

.940053 

.939078 

.929258 

.897373 

.845870 

.694195 

.500986 

9.00 

.944474 

.943487 

.933554 

.901303 

.849217 

.695883 

.500723 

*10. 

.949315 

.948319 

.938279 

.905684 

.853049 

.698153 

.501142 

I:  f: 

*t-.  I 


Note:  9  i3  measured  in  units  of  X/D 
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Table  2  (Continued) 
(2/tt)  <Re[G(0)  G(e)]> 


e 


(D/r0) 

.01 

.03 

.10 

.20 

.30 

.50 

.70 

1.00 

1.30 
!.  50 
1.70 
2.00 

2.30 
2.60 
3.00 

3.50 
4.00 
4.  50 
5.00 

5.50 
6.00 

6.50 
7.00 
8.00 
9. 
*10. 


.00 


1.0 

.000018 
.000164 
.001810 
.007064 
.015353 
.038761 
.067074 
.109257 
.143770 
♦161 400 
.  175148 
".  189976 
.199781 
.206223 
.211450 
.214689 
.215767 
.215544 
.214513 
.212989 
.21 1195 
.209296 
.207412 
.203995 
.201291 
.199348 


U  3 

-.000005 

-.000042 

-.000445 

-.001539 

-.002799 

-.003977 

-.001836 

.006358 

.015503 

.020128 

.023148 

.024971 

.024433 

.022475 

.018780 

.013629 

.008607 

.003995 

-.000148 

-.003839 

-.007120 

-.010036 

-.012632 

-.017009 

-.020512 

-.023343 


1.6 

.000013 
.000118 
.001278 
.004771 
.009759 
.021181 
. 030984 
.039953 
.044672 
. 047316 
c  050238 
.055387 
.061160 
-.067079 
-.074597 
-.082845 
-.089661 
-.095172 
-.099596 
-.103151 
-.106029 
-.108387 
-.  1 ’0348 
-.'  3450 
-.115859 
-.  1  17861 


?..  0 

.000007 
.000061 
.000666 
.002534 
.005319 
.012341 
.01.9519 
.028358 
.035025 
.038913 
.042676 
. 04S241 
.053582 
.058464 
.064007 
-.069305 
-.07301 1 
-.075474 
-.077022 
-.077915 
-.078356 
-.078493 
-.078437 
-.07803? 
-.077542 
-.077108 


2.4 

.000004 

.000034 

.000369 

.001356 

-.002720 

.005609 

.007706 

.008870 

.008508 

.007857 

.007048 

.005748 

.004582 

.003738 

.003236 

.003536 

.004577 

.006049 

.007724 

.009455 

.011156 

.012750 

.014301 

.017012 

.019297 

.021213 


2,8 

.000006 

.000054 

. 000585 

.002196 

.004528 

.010058 

.015176 

.020583 

.023781 

.025247 

. 026453 

.025056 

.029628 

.031284 

.033658 

.036759 

.039781 

.042545 

.044974 

.047058 

. 0  48823 

.050314 

.051575 

.053571 

.055073 

.056255 


Note:  9  is  measured  in  units  of  X/D 


3.  3 

.000001 
.003008 
.000086 
.000310 
.000602 
.001125 
.001336 
.001069 
.000431 
.000085 
.000645 
.001553 
.002522 
.003520 
.004817 
»  .006229 
.007278 
.007932 
.008229 
.008242 
.008045 
.007704 
.007270 
.006269 
.005236 
.004261 
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Table  3 

(2/tt)  <Re[G(6b)  G(0o+0)]> 


>/r0)\ 

o 

« 

o 

0.03 

0.  1 

0.2 

0.  3 

0.  5 

.01 

.000101 

.000101 

.000099 

.000096 

.000090 

.000073 

.03 

.000905 

.000904 

.000894 

.000862 

.000809 

.000654 

.10 

.010028 

.010017 

.009905 

.009542 

.008957 

.007240 

.20 

.039794 

.039750 

.039306 

. 037564 

.035541 

.028731 

.30 

.088532 

.088434 

.087446 

.084240 

.079071 

.063924 

.  50 

. 23847  9 

.238214 

.235553 

.226921 

•213003 

.172214 

.70 

.449020 

. 448523 

.443515 

. 427269 

.401075 

.324310 

1.00 

.849809 

.848868 

.839399 

.808679 

.759148 

.613989 

1.30 

1.310903 

1.309454 

1.294863 

1.247528 

1 .171206 

.947526 

1.50 

1.629525 

1.627725 

1 . 609603 

1.550813 

1 . 456022 

1 .  178206 

1-70 

1.943274 

1.941130 

1 • 9 19540 

i. 849497 

1.736562 

I . 4C5560 

2.00 

2.383536 

2.380910 

2. 354471 

2. 268698 

2. 130397 

1.725035 

2.30 

2. 765691 

2.762650 

2.732028 

2.632685 

2.47250C 

2.002969 

2.60 

3.074616 

3.071242 

3.037269 

2.927054 

2.7  49335 

2.228376 

3.00 

3.363439 

3.359760 

3.322709 

3.202506 

3.008674 

2. 440427 

3.50 

3.537930 

3.534076 

3. 495270 

3.369368 

3.166335 

2.571024 

4.00 

3. 545675 

3.541831 

3.503122 

3.377532 

3. 174989 

2.FS1000 

4.50 

3.441642 

3.437929 

3.400540 

3.279230 

3.083574 

2.509655 

5.00 

3.277146 

3.273628 

3.238201 

3. 123250 

2.937834 

2.393816 

5.50 

3.091410 

3.088106 

3.054841 

2.946899 

2.772771 

2.261738 

6.00 

2.909698 

2.906602 

2.875418 

2.774226 

2. 610971 

2. 131719 

6.50 

2. 745330 

2.742418 

2.713092 

2.617926 

2. 464376 

2.013501 

7.00 

2.603165 

2.60041 1 

2.572671 

2. 482649 

2.337386 

1.910747 

8.00 

2.382261 

2.379747 

2.354424 

2.272239 

2.139606 

1.749920 

9.00 

2.225593 

2.223244 

2.199589 

2. 122811 

1.998895 

1.634738 

*10. 

2.109894 

2. 107665 

2.085210 

2.012329 

1.894697 

1.548969 

Note:  0  is  measured  in  units  of  X/D 


0.7 

•000051 
» 000458 
.0050/6 
.020145 
.044824 
. 120782 
.227513 
.430941 
.665444 
.827837 
.988093 
.213732 
.410660 
.571102 
.723335 
.819527 
-830868 
.784522 
.706096 
.615352 
.525188 
.442578 
.37025/ 
.255878 
.172859 
. 110370 
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Table  3  (Continued) 
(2/tt)  (Re[G(0o)  G($0  +  9  )]) 


V 

(D/r0P 

1.0 

1.  3 

1.6 

2.  0 

2.  4 

.01 

.000018 

-.000005 

-.000013 

-.000007 

.000004 

.03 

.000165 

-.000043 

-.000119 

-.000061 

.000034 

.  10 

.001824 

-.000472 

-.001315 

-.000679 

. 000382 

.20 

.007239 

-.001872 

-.005216 

- .002694 

.001515 

.  30 

.016113 

-.004155 

-.011595 

-.005990 

.003371 

.50 

.043464 

-.011 123 

-.031175 

-.016108 

.009079 

.70 

.081988 

-.020773 

-.058550 

-.030259 

.017090 

1.00 

.  155716 

-.038699 

-.110284 

-.057022 

.032317 

1. 30 

.241252 

-.058521 

-.169123 

-.087512 

.049779 

1.50 

.300893 

-.071624 

-.209285 

-. 108373 

. 061790 

1  =  70 

.360149 

-.083943 

-.248351 

-. 128723 

. 073548 

2.  00 

‘.444461 

-.099956 

-.302133 

-.  '  56894 

.089862 

2.  30 

,.519259 

-.112101 

-.347416 

-.  180876 

.  103708- 

2.  60 

.581601 

-.  119903 

-.382448 

-.  199802 

. 114459 

3.00 

.  64321  1 

-. 123674 

-.412528 

-.216853  . 

.  1 2357  3 

3*  50 

. 68667  0 

-.  119447 

-.425930 

-.226325 

. 127007 

4.00 

. 698971 

-.108588 

-.418936 

-.225876 

. 123301 

4.  50 

.689119 

-.094744 

-.399563 

-.219423 

.114865 

5.00 

. 665924 

-.080831 

-.374821 

-.210305 

. 104047 

5.  50 

.636427 

-.068695 

-.349690 

-.200819 

.092720 

6.00 

. 605445 

-.059179 

-.327041 

-.  192223 

. 082143 

6.  50 

.575793 

-.052395 

-.308070 

-. 184989 

. 073004 

7.  00 

.548803 

-.048022 

-.292880 

-.  179106 

.065554 

8.  00 

.503839 

-.044491 

-.271765 

-. 170377 

. 055420 

9.  00 

.469155 

-.044833 

-.258685 

-.  163934 

. 0  50 1 0  2 

*10« 

.441885 

-.046620 

-.249790 

-.158491 

. 047687 

Note:  9  ia  measured  in  units  of  X/D  . 


2.8  3.3 

.000006  -.000001 
.000054  -.000008 
.000600  -.000090 
.002382  -.000359 
.005298  -.000799 
014256  -.002157 
.026808  -.004073 
.050609  -.007748 
.077814  -.012022 
.096473  -.015007 
. 114703  -.017975 
.139954  -.022191 
.161388  -.025905 
.178122  -.028945 
.192666  -.031791 
.199290  -.033373 
. 195894  -.032984 
.186176  -.031049 
.173528  -.028053 
.160487  -.024453 
.148621  -.020630 
.138667  -.016870 
. 130784  -.013370 
.120355  -.007564 
.114757  -.003513 
.111685  -.000992 


Antenna  Gain  Correlation  for  a  Static  System 

cs(e) 


V 

(D/r0)\ 

0.  03 

0.  1 

0.2 

0.  3 

0.  5  0.  7 

1.0  1.3  1.6  2.0 

2.  4 

2.  8  3.  3 

.01 

.979 

.988 

.  952 

.893 

.722  .506 

. 1 82- . 047- . 1 3 1 - . 068 

.038 

.060- . 009 

.03 

.999 

.988 

.952 

.893 

.722  .506 

. 1 82- . 047- . 1 3 1 - • 068 

.038 

.060-. 009 

.  10 

.999 

.988 

•  952 

.893 

.723  .508 

. 184-.045-. 1 30- . 068 

.037 

.059-. 009 

.20 

.999 

.988 

.952 

.  894 

.725  .510 

.  188-.041-.  1 27-.  067 

.036 

.058- .008 

.30 

.999 

.988 

.952 

.895 

.727  .514 

. 1 94- . 035- . 1 23- . 067 

.034 

.057-. 008 

.50 

.999 

.988 

.953 

.897 

.733  .524 

. 208- . 021 - . 1 13-.066 

.030 

.054-. 006 

.70 

.999 

.989 

.955 

.900 

.739  .534 

. 223-. 006- ♦ 103- .065 

.026 

•  050- *  004 

1.00 

.999 

.989 

.956 

.903 

.747  .548 

.242  .014- .089- .063 

.020 

.046-. 002 

1.30 

.999 

.989 

.957 

.905 

.752  .557 

.256  . 028- . 080- . 062 

.015 

.042-. 001 

1.50 

.999 

.989 

.957 

.906 

.755  .561 

.261  . 033-.077-.063 

.013 

.041  .000 

1.70 

..999 

.989 

.958 

.907 

.756  .563 

.264  .035-.076-.064 

.011 

•040  .001 

2.00 

.999 

.989 

.  958 

.  907 

.756  .564 

.265  . 035- ♦ 077- . 067 

.008 

.039  .002 

2.30 

.999 

.989 

o  958 

.907 

.756  .563 

.263  . 032- • 08 1 - . 07 1 

.006 

.039  .003 

2.60 

.999 

.989 

.958 

.906 

.755  .562 

.260  .028-.085-.074 

.005 

.039  .004 

3.00 

.999 

.989 

.957 

.906 

.754  .559 

»  256  . 023- • 090- .077 

.004 

.041  .006 

3.50 

.999 

.989 

.957 

.905 

.752  .555 

.250  .016-.096-.0S1 

.004 

.043  .007 

4.00 

.999 

.989 

.957 

.904 

.749  .552 

.244  .010-. 102-.083 

.005 

.045  .008 

4.50 

.999 

.989 

.956 

.903 

.748  .548 

.239  .004-. 105-.084 

.007 

.047  .009 

5.00 

.999 

.989 

.956 

.903 

.746  .545 

. 235- . 000- . 1 09- . 084 

.008 

.049  .009 

5.50 

.999 

.989 

.956 

.902 

.744  .543 

•  23 1 - • 004- . 1 1 2- . 085 

.010 

.051  .009 

6.00 

.999 

.989 

.955 

.902 

.743  .540 

. 228- • 008- . 1 14-.084 

.012 

.053  .009 

6.50 

.999 

.989 

.955 

.901 

.742  .538 

.225-.01 1-. 1 16-.084 

.014 

.054  .008 

7.00 

.999 

.989 

.955 

.901 

.740  .536 

. 222- .014-. ! 18-.084 

.015 

.055  .008 

8.00 

.999 

.989 

.955 

.900 

. 7 38  .533 

.217-.018-. 121-.083 

.018 

.057  .007 

9.00 

.999 

.988 

.954 

.399 

.737  .530 

•213-.022-. 123-.0S2 

.020 

.058  .006 

*10.' 

.999 

.988 

.954 

.899 

.735  .528 

.210-.025-. 124-.081 

.022 

.059  .004 

Note:  9  is  measured  in  units  of  X./D 


Antenna  Uain  Correlation  for  a  Tracking  System 

Q  (e) 


\e 


(D/r, qT 

0-  03  0.1  0.2 

0.  3 

0.  5 

0.  7 

.01 

.999  .988  .952 

.893 

.722 

.  506 

.03 

•999  .988  .952 

.893 

.722 

.506 

.  10 

.999  .988  .952 

.893 

.722 

.  506 

.20 

.999  .988  .952 

.893 

.722 

.  506 

.30 

.999  *988  .952 

•  893 

.  722 

.  506 

.  50 

.999  .988  .952 

*  893 

.722 

.  506 

.70 

.999  .988  .952 

.893 

.722 

.507 

1.00 

.999  .988  .952 

.893 

.723 

.507 

1.30 

.999  .988  .952 

.893 

.723 

.  508 

1 . 50 

.999  .988  .952 

.894 

.723 

.  508 

1.70 

.999  .988  .952 

.894 

.723 

.  508 

2.00 

•999  .988  .952 

.894 

.  724 

.  509 

2.30 

.999  .988  .952 

.894 

.724 

.510 

2.60 

•999  .988  .952 

.894 

.725 

.51  1 

3.00 

i 999  .988  .952 

•  895 

.726 

.512 

3.50 

.999  .988  .952 

.895 

.727 

.514 

4.00 

•999  .988  .953 

.895 

.723 

.  5  i  6 

4.50 

.999  .988  .953 

.896 

.729 

*  519 

5.00 

.999  .988  .953 

.896 

.730 

.521 

5.50 

.999  .988  .953 

.897 

.732 

.  523 

6.00 

.999  .988  .953 

.897 

.733 

.  524 

6.  50 

.999  .988  .954 

.898 

.733 

.  525 

7.00 

.999  .988  .954 

.898 

.734 

.  526 

8. CO 

.999  .988  .954 

.898 

.735 

.527 

9.00 

.999  .988  .954 

.898 

.735 

.527 

*10. 

.999  .988  .954 

.898 

.734 

.526 

1.0  1.3  1.6  2.0  2.4  2.8  3.3 
. 182-.047-. 131-.068  .038  .060-. 009 
.  182-.04''-.  131-.068  .038  .060-. 009 
. 1S2-.047-. 131-.068  .038  .060-. 009 
. 182-.047-. 131-.068  .038  .060-.C09 
. 182-.047-. 131-.06S  .038  .060-. 009 
. 182-.047-. 131-.068  .038  .060-. 009 
. 183-.046-. 13G-.067  .038  .060-.009 
. 183-.046-. 130-.067  .038  .060-. 009 
. 184-.045-. 129-.067  .038  .059-. 009 
. 185-.044-. 128-.067  .038  .059-. 009 
. 185-.043-. 128-.066  .038  .059-. 009 
. 186-.042-. 127-. 066  .038  .059-. 009 
. 188-.041-. 126-.065  .037  .058-. 009 
. 189-.039-. 124-.065  .037  .058-. 009 
. 191-.037-. 123-.064  .037  .057-. 009 
.  194-.034-.  1.2G-.064  .036  .056-. 009 
.  197-.031-. ll8-.064  .035  .055-. 009 
.200-*  028- 6“ • 064  .033  .054-. 009 
.203-. 025- . 1 14-.064  .032  .053-. 009 
.206-.022-. 1 13-.065  .030  .052-. 008 
.208-.020-. 1 12-.G66  .028  .051-. 007 
.21 0-.019-. 1 12-.067  .027  .051-. 006 
.211-.018-. 1 13-.069  .025  .050-. 005 
.21 1-.019-. 114-.072  .023  .051-. 003 
.21 l-o020-. 1 1 6-.074  .023  .052-. 002 
.209-.022-. 1 18-.075  .023  .053-. 000 


Note:  9  i«i  measured  in  units  of  X/B 
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Introduction 


We  have  previously  discussed  the  concept  of  reciprocity  in  optical 
propagation,  and  drawn  upon  this  to  demonstrate  that  the  antenna  gain  of  a 
laser  transmitter  will  be  exactly  the  same  as  that  of  a  diffraction- limited 
imaging  system,  if  both  have  the  same  aperture,  the  same  wavelength,  and 
a  common  propagation  path  to  a  distant  point  source.  This,  then,  allows 
us  to  propose  a  measurement  of  expected  antenna  gain  for  a  grand- based 
laser  transmitter,  linked  to  a  receiver  in  space,  by  measuring  the  antenna 
gain  of  a  high  resolution  ground-based  telescope  viewing  a  star. 

In  order  to  measure  the  antenna  gain  of  the  imaging  system,  we 
proposed  to  track  a  bright  star  with  an  image  dissector,  and  while  tracking 
it,  measure  the  peak  intensity  of  the  image  spot.  By  doing  this  as  a  func¬ 
tion  of  optics  diameter  and  of  the  tracking  servo  bandwidth,  it  will  then  be 
possible  to  determine  antenna  gain  corresponding  to  both  an  ordinary  and 
a  fast-tracking  laser  transmitter.  Not  only  will  the  measurement  data  allow 
us  to  determine  the  average  antenna  gain,  but  it  will  also  provide  data  on 
the  antenna  gain  statistics. 

In  this  document,  we  shall  consider  some  of  the  parameters  that  will 
affect  the  quality  of  the  data  we  will  be  able  to  obtain  from  an  experiment. 
First  we  consider  the  effect  of  various  size  pinholes  in  the  focal  plane  (i.  e.  , 
in  the  image  dissector)  upon  our  ability  to  measure  antenna  gain,  and  then 
turn  our  attention  to  photometric  and  signal-to-noise  ratio  considerations. 

Antenna  Gain  Measurement 

We  consider  an  ideal  optical  system  with  aperture  diameter  D  and 
effective  focai  length  F  ,  forming  an  image  of  a  point  source  at  infinity. 

If  x  denotes  a  two-dimensional  vector  in  the  aperture  plane,  and  y  denotes 
a  two-dimensional  vector  in  the  focal  plane,  then  it  can  be  shown  that  U(y) 
the  (scalar)  wave  function  in  the  focal  plane  can  be  written  as 
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U(y )  =  K(y)  r  u(x)  e'1  k  x  *  V/F 


(1) 


where  the  integration  over  x  it  restricted  to  the  aperture,  u(x)  is  the 
(scalar)  wave  function  in  the  aperture  plane,  k  =  2n/iS  is  the  optical  wave 
number,  and  K(y)  is  a  scaling  factor  whose  magnitude,  K  ,  is  independent 
of  y  .  Hence  the  intensity  in  the  focal  plane  at  y  is 

I(y)  =  £U*(y)U(y) 

=  ^  JJ  dx  dx'  u *(x)  u(x')  exp  [i  k  (x  -  x)  •  y/F]  .  (2) 

If  a  pinhole  of  radius  a  is  located  at  the  origin  in  the  focal  plane  (i.  e. .  the 
y-plane),  then  the  total  signal  passed  by  the  pinhole  will  bo 


S(a)  =  J*  dy  l(y)  .  (3) 

Mstou 

By  substituting  Eq.  (2)  into  Eq.  (3),  and  interchanging  the  order  of  inte¬ 
grations,  we  get 

S(a)  =  ^  I?  J*J  dx  dx'  u*(x)  u(x')  j  J  dy  exp  [  i  *  y  ]  }  .  (4) 

(A»«rtur*f  Pistol* 

The  evaluation  of  the  quantity  in  the  curly  brackets  is  a  straightforward 
mathematical  procedure  making  vise  of  the  fact  that 


2tt 


-  ^  id  cos  cp  _  _  ,  . 

|  <JP  e  *  =  2n  J0(p)  . 


(5) 


and  that 


J  Pd  P  J0(p)  =  P  Ja(p) 


(6) 


Using  these  two  equations,  we  can  show  that  the  quantity  in  the  curly  brackets 
in  Eq.  (4)  has  the  value 
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r ' '} 


) 


=  TT 


a 


p2  J.,(k  x>x' jo/F)  T 

L~|5 5- |a/F  J 


(7) 


We  call  explicit  attention  to  the  fact  that  when  a  is  very  small,  the  quantity 
in  the  square  brackets  is  very  nearly  equal  to  unity. 

The  antenna  gain  is  directly  proportional  to  the  peak  intensity  in  the 
focal  plane,  or  to  the  intensity  at  the  origin.  Nominally,  the  two  are  iden¬ 
tical.  In  a  tracking  system  we  'Vnove  the  focal  plane  around"  so  that  the 
two  are  made  to  be  identical.  *  For  a  non-tracking  system,  the  peak  inten¬ 
sity  may  not  be  at  the  focal  plane  origin,  which  simply  means  that  wave¬ 
front  distortion  has  moved  the  main  lobe  of  the  antenna  pattern  away  from 
the  direction  defined  by  the  focal  plane  origin.  Nonetheless,  it  is  the 
antenna  gain  associated  with  the  origin  that  our  system  would  work  with  and 
for  which  we  should  be  performing  our  calculations. 

With  a  very  small  pinhole,  the  value  of  S(a)  is  obviously  propor¬ 
tional  to  the  antenna  gain.  Unfortunately,  for  reasons  associated  with 
signal-to-noise  ratio  considerations,  we  would  like  to  use  a  not- so- small 
pinhole.  In  this  case,  S( a)  is  only  related  to  the  antenna  gain.  If  we 
make  a  too  large,  the  relationship  becomes  very  poor.  We  need  to  know 
how  well  S(a  }  is  related  to  antenna  gain  as  a  function  of  a  ,  so  that  we 
can  pick  the  largest  value  of  a  compatible  with  the  desired  measurement 
accuracy.  Since  S(a  )  is  proportional  to  antenna  gain  for  very  small 
values  of  a  ,  and  since  S(a)  has  a  factor  of  pinhole  area,  i.  e.  ,  Tttt3  , 
which  itself  is  quite  irrelevant  to  S(a  )'s  relationship  to  antenna  gain,  it 
follows  that  F{a)  ,  which  is  a  quantity  that  measures  how  well  S(a)  is 

*  hi  the  case  of  a  tracking  antenna  system,  the  wave  function  u(x)  in 
Eq.  (4)  has  to  be  considered  not  simply  as  the  distorted  wave  function, 
but  rather  as  the  distorted  wave  function  less  its  linear  tilt  component 
of  distortion  associated  with  the  region  of  the  antenna  aperture. 
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related  to  antenna  gain,  has  the  form 


F(a)  =  S(a)  1  /  f  lim  S(a)  1 

n  a  J  /  L  a-*e  tt  a  J 


(8) 


F(a )  equals  unity  denotes  a  perfect  correlation  between  S(a)  and  antenna 
gain,  while  a  value  of  zero  indicates  the  F(a)  is  not  related  to  antenna  gain. 

Now,  if  we  substitute  Eq.  (7)  into  Eq.  (4),  and  that  into  Eq.  (8), 
taking  note  of  the  limiting  form  for  the  r.h.  s.  of  Eq.  (7)  when  a  is  very 
small,  we  get 


IT  d*-  u*  S)  u(3-) 

JJ  ,  I  klx  -  x'l  o/F  J 


F(a  ) 


(AjVtUf*)' 


JJ  dx  dx '  u*(x)  u(x') 

(*P  •  r  tor  «)3 


(9) 


At  this  point,  we  can  no  longer  postpone  taking  cognizance  of  the  fact  that 
u(x)  is  a  random  function,  so  that  F(a)  is  also  a  random  function.  (In  the 
case  a  =  0,  F(a  )  =  1  ,  which  means  that  although  F(a)  may  be  considered 
a  random  variable,  its  probability  density  is  a  delta  function  at  F(a)  -  1  . 
For  any  non-zero  value  of  a  ,  F(a)  is  a  more  conventional  type  of  random 
variable.  )  We  shall  argue  that  by  replacing  u(x)  u*(x')  by  unity  in  our 
evaluation  of  F(a)  ,  we  conservatively  underestimate  the  value  of  F(a)  . 
By  conservative,  we  mean  that  our  results  will  represent  a  lower  limit  on 
the  true  value  of  F(a)  .  If,  for  example,  we  pick  a  so  that  F(a)  ,  as 
computed,  equals  0.  9,  then  we  can  be  sure  that  the  actual  value  of  F(a) 
will  be  described  by  a  probability  density  function  which  is  concentrated 
around  values  of  F(a)  2  0.  9  .  For  clarity,  we  shall  use  the  notation 
F  (a )  to  denote  the  approximation  defined  by  replacing  u(x)  u  *(x')  by 
unity  in  Eq.  (9). 
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?(a) 


If  d*  d3' 

(*>«rtur  tf 


p*  dx  dx' 

(••rttjp*)2 


16 

tt2D* 


[f  dx  dx'  I”- 

(  Ap*tur«  )8 


Jj  (k|  x  -  x'(a  /  F)-j 
k|x  -  x'  j a  /F  J 


(10) 


Our  basis  for  arguing  the  suitability  of  replacing  u(x  )  u*(x') 
by  unity  in  Eq.  (9)  to  obtain  Eq.  (10)  is  that  the  quantity  in  the  square  brackets 
in  the  integral  in  the  numerator  of  the  r.h.  s.  of  Eq.  (9)  causes  less  weight 
to  be  associated  with  large  values  of  |x  -  x'  |  them  with  small  values,  more 
so  the  larger  a  is.  The  fact  that  F(a  )  is  less  than  unity  is  due  to  this. 

It  is  the  fact  that  this  quantity  in  the  square  brackets  at  least  partially  "ignores" 
the  contribution  of  u(x)  u^fx')  for  large  values  of  |x  -  x'|  that  leads  to  the 
reduced  values  of  F(a)  .  On  the  other  hand,  the  integration  over  all  com¬ 
binations  of  values  of  x  and  x'  that  have  a  particular  value  of  |x  -  x'|  can 
be  thought  of  as  at  least  a  partial  average  of  u(x)  u  (x  ')  —  but  we  know  that 
the  ensemble  average  value  of  u(x)  u*^')  is  a  function  of  |x  -  x' |  and  not 
otherwise  of  x  or  x'  ,  and  that  the  value  of  (  u(x)  u*(x'))  decreases  as 
|x  -  x' |  increases.  This  means  that  the  presence  of  u(x)  u*(x')  in  both 
the  integral  in  the  numerator  and  the  denominator  of  the  r.h.  s.  of  Eq.  (9) 
leads  to  a  similar  de-emphasis  of  the  large  values  of  |x  -  x'|  and  tends 
to  counter  the  effect  of  the  quantity  in  the  square  brackets,  and  thereby  tends 
to  bring  the  value  of  the  two  integrals  close  together  and  make  F(a)  closer 
to  unity.  By  replacing  u(x)  u  (x  )  by  unity,  we  make  the  value  of  F(a) 

*  This  leads  to  the  conclusion  that  for  a  strongly  distorted  wave  function, 
for  which,  of  course,  we  woj’.d  expect  the  image  spot  in  the  focal  plane 
to  be  noticeably  larger  than  the  diffraction-limited  spot  produced  by  an 
undistorted  wave,  a  given  required  value  of  F(a )  can  be  achieved  with 
a  larger  value  of  a  .  The  large  spot  allows  a  large  pinhole  radius  (i.  e.  , 
a  large  value  of  a  )  to  be  used.  The  most  severe  limitation  on  allowed 
value  of  a  occurs  for  the  undistorted  wave,  for  which  u(x)  u*(x')  =  1  . 
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smaller  than  F(a)  .  thereby  insuring  a  conservative  result  in  that  we 
may  expect  F(a)  to  be  cio3er  to  unity  than  ?(a  )  ,  assuring  that  a  suf¬ 
ficiently  small  pinhole  size  will  be  chosen.  Based  on  this  line  of  reason¬ 
ing,  we  now  proceed  with  the  evaluation  of  F(a)  . 

To  carry  out  the  evaluation  of  Eq.  (10),  we  transform  the  coordi¬ 
nates  to 

p  =  x  -  x  '  (11a) 

q  =  £(x  +  x ')  ,  (lib) 

so  that 

F(a>  =  ^  JJ  dp  dq  W  (q+45)W(5-ip)[iiiL^IL|  ,  (12) 

where 

P  =  |P  i  "  (13) 

W  is  a  step  function  which  is  unity  so  long  as  its  argument  has  a  magnitude 
less  than  D/2  ,  and  is  zero  for  larger  magnitudes.  Thus 

1  if  |x|  £  |D 

W(x)  =  \ 

0  if  |x|  >  ^  D  (14) 

Quite  obviously  W  ’defines"  the  interior  of  a  circle  of  diameter  D  .  The 
two  W  functions  are  used  in  Eq.  (12)  to  replace  the  limits  on  the  integrations 
in  Eq.  (10).  In  Eq.  (12),  the  p  and  q  integrations  are  to  be  understood  ac 
being  over  the  infinite  plane,  with  the  practical  limits  being  defined  by  the 
W  functions. 

In  examining  Eq.  (12),  we  see  that  the  q  -integration  can  be  performed 
quite  independent  of  the  Bessel  function  term.  Recognizing  that  in  the  q-plane 
the  two  W  functions  simply  define  two  circles,  each  of  diameter  D  ,  whose 
centers  are  separated  by  a  distance  ±  4p  ,  we  see  from  Eq.  (14)  that  the 
q-integration  simply  yields  the.  area  of  overlap  of  the  two  circles.  By  a 
little  plane  trigonometry,  it  can  be  shown  that 
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(  £  {arc  cosine  (p/D)  -  (p/D)Vl  -  (p/D)3}, 
J  dq  W  (q  +  £'p)  W(q  -  £p)  =  /  if  p  D  , 

l  0  ,  if  p  >  D  .  (1 


I 

0 


It  is  convenient  at  this  point  to  make  use  of  the  approximation1 
{arc  cosing  x  -  idfl  -  "x5" }  ss  ^TT  (1  --|x  +^X4)  , 


so  that  we  get  upon  substitution  of  Eq.  (16)  into  Eq.  (15),  and  substitution  of 
the  result  of  that  into  Eq.  (12) 

•  07i 

It  is  convenient  at  this  point  to  perform  the  angular  part  of  the  p -integration, 
(treating  it  as  an  integration  over  polar  coordinates)  and  introduce  the  para¬ 
meters  and  replacement  variable 


r  =  p/D 

A  =  k  a  D/F  =  2n  a/fX  ,  where  f  =  F/D 


(18a) 


(18b) 


so  that 


4  J  dr  C  1  -  i  r  +  $  **]  J,  (A  r) 


The  evaluation  of  this  integral  is  straightforward,  if  somewhat  tedious. 
We  treat  it  in  three  separate  parts,  i.  e.  , 


F(a>  =  ~  [f\(a)  Fa(a)  +  *  Fs(a)  ] 


where 


Fj  (a)  =  J  dr  Jx  (Ar) 


(21a) 


Ma)  =  J  ar  r  Ji  (A  r) 


(21b) 


F3  (a)  =  f  Jr  r*  J,  (A  r) 
o° 


(21c) 
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From  Dwight2,  Eq.  (835.2),  we  see  that 
Fx(o)  =  A'i  [  1  -  JQ  (A)] 

Making  note  of  the  fact  that  from  Dwight,  Eq.  (80i.  90) 

-d  [  J0(x)]  =  Jx(x)  dx  ,  (23) 

and  integrating  by  parts,  we  get 

F2  (a)  =  A-2  { [  -  x  J0 (x)]^  +  ^  J A J0  (x)  d*  } 

-  -  A'1  J0(A)  +  A"2  f  J0(x)  dx  .  (24) 

o  J 

The  integral  on  the  r.  h.  s.  of  Eq.  (24)  can’t  be  reduced  further,  but  its  value 
is  tabulated  in  Table  11,1  of  Handbook  of  Mathematical  Functions?  so  we  can 
consider  it  to  be  as  much  a  known  function  as  is  J0{A)  in  Eq.  (24). 

The  evaluation  of  F3(a)  requires  repeated  integration  by  parts.  By 
making  use  of  Dwight,  Eq.  (801. 6),  we  get  after  some  manipulation 

Fs  (a)  =  -  A*1  J0(A)  +  4  A"2  JX(A)  -  A-3  J2(A)  .  (25) 

Substituting  Eq.  ’s  (2£),  (24),  and  (25)  into  Eq.  (20),  we  get 

F  (a )  =  16  A’2  +  16  A’'5  JX(A)  -  32  A-4  J2(A)  -  20  A'3  fAJ0(x)  dx  .  (26) 

o  0 

Using  appropriate  tables,  we  have  carried  out  the  evaluation  of  F(a) 
as  given  in  Eq.  (26).  The  results  are  plotted  in  Fig.  1.  We  see  that  P(o-) 
takes  a  value  of  0.  9  when  A  =  1. 85,  i.  e.  ,  when  a  -  0,  294  fX. .  This  is  the 
pinhole  size  which  we  recommend  for  the  experiment  in  order  to  insure  that 
we  will  obtain  a  reasonably  accurate  (i.  e.  ,  90%  accurate)  measurement  of 


(22) 
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antenna  gain.  The  critical  question  is.  of  course,  how  much  of  the  image 
intensity  will  this  sice  pinhole  transmit.  To  evaluate  tills,  we  assume  that 
we  are  measuring  near  diffraction-limited  performance,  and  therefore  may 
assume  that  the  image  intensity  distribution  is  the  Airy  diffraction  pattern. 
The  fraction  of  the  total  image  energy  in  the  Airy  pattern  within  various 
sice  circles  is  shown  in  Fig.  2,  which  is  taken  from  Born  and  Wolf4  (their 
Fig.  8. 13).  For  A  =  1.85  ,  we  see  that  the  fraction  of  the  energy  that 
will  pass  through  the  pinhole  is  about  0.  175  of  the  total  incident  energy. 

With  this  information,  we  are  now  ready  to  turn  to  the  purely  photo¬ 
metric  aspects  of  the  problem,  and  calculate  background  and  signal  photon 
flux  rates,  and  the  associated  signal- to- noise  ratio  in  our  star  tracker 
image  dissector  system.  We  treat  these  matters  in  the  following  sections. 
First,  however,  we  specify  the  basic  system  parameters. 

fly  stem  Parameters 

The  pertinent  optical  parameters  for  our  experiment  are  the 
following 

Spectral  Band  -  -We  choose  the  system  to  have  a  spectral  band  of 
X-*A  X  to  X  X  ,  where 

X  =  5000  A  ,  AX  -  2000  1  .  (27) 

It  follows  from  Eq.  's  (73a)  and  (73fc)  of  reference  5  that  wavefront  distortion 
is  so  well  correlated  over  this  spectral  band  —  the  two  most  extreme 
wavelengths  have  their  separate  distortions  so  well  correlated  to  each 
other  —  that  their  cross  correlation  is  exactly  equal  to  the  autocorrela¬ 
tion  of  the  distortion  at  wavelength  X  . 

Pinhole  Size  -  We  choose  the  pinhole  size  to  satisfy  the  condition 
A  =  1.85  ,  from  which  it  follows  that  the  pinhole 
radius  is 

a  =  0.204  f\  («8) 
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We  need  not  specify  f  ,  the  optics  speed,  as  this  will  only  be  of  significance  in 
terms  of  defining  a  practical  pinhole  size.  (We  shall,  in  a  later  appendix,  choose 

an  f-number  of  the  order  of  f  =  100  or  200  to  make  the  pinhole  large  enough  to  be 
practical,  but  at  this  point,  we  have  no  need  to  specify  this  value.) 

Optics  Diameter  -  The  optical  system  will  be  required  to  operate 
with  a  variety  of  aperture  diameters.  It  is,  however,  convenient  to  refei  - 
t-nce  all  results  to  a  10  cm  diameter,  since  useful  diameters  will  never  be 
much  larger  than  this,  although  they  may  be  several  times  smaller.  For 
convenience,  we  introduce  the  parameter  d  ,  to  accommodate  this  range, 
and  write  for  the  aperture  diameter 

D  =  10  d  cm.  (29) 

With  these  parameters  thus  specified,  we  now  proceed  with  the 
calculation  of  the  background  and  stellar  signal  photon  flux  levels  we  expect. 

Background  Photon  Flux 

The  background  photon  flux  collected  by  the  pinhole  can  be  written 
as 

N0  =  i  tt  ds  Nx(AXA)  6Q/EPh  ,  (30) 

o 

where  Epfc  is  the  energy  per  photon,  and  at  5000  A  , 

EPh  =  4  x  10'19  J/ph  ,  (31) 

6Q  is  the  solid  angle  subtended  by  the  pinhole  defined  field -of-view,  and 
is 

5Q  =  n  aa/F2  ,  (32) 
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{with  F  being  the  focal  length,  so  F/D  =  f  ),  and  is  the  spectral 

radiance  index,  as  discussed  in  ref'  ance  6,  which  for  5000  X  and  bright 
daylight  conditions  is 

N^qo  1.  7  X  10-3  W/cms-ster  .  (33) 

Making  all  of  the  appropriate  substitutions,  and  noting  that  the  dependence 
on  diameter,  focal  length,  and  f-number  cancel  each  other  out,  we  find  that 


N3  =  i  tt  Nx  (A  X / X )  tt  (1.472  X  10‘6)2/4  X  lO'19 
=  1.  337  X  10P  NX(AX/X) 

=  9-  09  x  106  ph/sec  .  (34) 

Because  the  image  dissector's  quantum  efficiency  will  be  less  than  unity, 
not  all  of  these  photons  will  be  detected,  but  for  our  purposes  here,  we 
need  not  concern  ourselves  with  exactly  what  the  quantum  efficiency  will  be. 
We  are  now  ready  to  turn  our  attention  to  the  question  of  what  the  stellar 
signal  photon  flux  will  be. 

Stellar  Signal  Photon  Flux 

A  zero  bolometric  magnitude  star  produces  an  energy  flux  of 
2.  52  x  10"6  erg/cms-sec,  according  to  Allen7,  page  191.  Treating  the 
star  as  a  6000  K  black  body,  which  is  typical  of  most  stars,  we  find  that 
there  is  0.  403  -  0.  140  =  0.  263  part  of  the  total  energy  in  the  spectral 
region  from  6000  A  to  4000  A  .  This  means  that  a  zero  magnitude  star 
provides,  in  our  spectral  band,  6.63  x  10_e  erg/cm2-sec  =  6.63  y.  10-13 
W/cms  .  Considering  the  photons  in  the  spectral  band  as  being  at  approxi¬ 
mately  5000  A,  we  see  that  there  are  1.  657  X  106  ph/cm3-sec  ,  due  to  a 
typical  zero  magnitude  star.  A  star  of  magnitude  rn  will  produce  a  photon 
irradiance 
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1.  657  X  10s  «o^  ph/cm2-sec  ,  (35) 

where 

<Pm  =  1 0^/2. 5  (36) 

so  that 

V0  =  1  ,  q>x  =  0.398  ,  <ps  =  0.1585  ,  Vs  =  0.0631  .  (36  ) 

The  collected  signal  flux  is  just  the  product  of  the  aperture  area 
^tt  TP  times  H^,  and  times  a  factor  of  0.  175  to  allow  for  the  failure  of 
the  pinhole  to  collect  most  of  the  stellar  image  flux.  Thus  we  get  for  the 
stellar  signal  flux  rate 

Ns  =  5  n  D2  Hm(0.  175) 

=  2.  23  x  107  da  tp^ph/aec  .  (37) 

For  values  of  d  and  cp  m  reasonably  close  to  unity,  it  is  apparent  that  not 
only  will  the  photon  flux  due  to  the  star  at  least  equal  that  due  to  the  daytime 
background,  but  equally  important,  it  will  be  large  enough  so  that  the  number 
collected  in  a  millisecond  measurement  period  will  allow  an  adequate  signal- 
to-noise  ratio. 
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APPENDIX  V 

NOTES  ON  THE  DESIGN  OF  A  WAVEFRONT  DISTORTION  SENSITIVE 
STAR  TRACKER  TELESCOPE 

D.  L.  Fried 


This  Appendix  is  a  reproduction  of  Optical  Science  Consultants 
Report  No.  TR-071  (August  1972)  as  provided  by  that  organization. 
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Introduction 


In  this  appendix,  we  take  up  the  problem  of  the  design  of  a  photoelectric 
telescope  suitable  for  performance  of  the  measurements  discussed  in  Appendix  IV. 
•'Preliminary  Parameter  Considerations  for  a  Wavefront  Distortion  Sensitive  Star 
Tracker.  "  Our  primary  emphasis  here  will  be  on  the  optical  and  electro- optical 
design  aspects  of  the  problem,  with  only  minor  treatment  of  signal- to- noise  ratio 
aspects  of  the  problem.  We  divide  our  treatment  into  five  sections.  In  the  order 
of  their  presentation,  they  are:  1)  definition  of  the  optical  train;  2)  analysis  of 
aberrations;  3)  considerations  relative  to  the  placement  of  baffles  and  stops;  4) 
electro-optic  detector  definition;  and  5)  data  processing  definition  and  analysis. 

We  start  with  consideration  of  the  optical  train. 

Telescope  Optical  Train 

The  optical  train  is  designed  to  allow  operation  at  near  constant 
f-number  with  aperture  diameter  adjustable  from  2  cm  to  20  cm.  We  have 
selected  an  f/200  speed  as  the  nominal  speed  for  design  of  the  pin-hole  in 
the  photodetector.  Using  the  criteria  established  in  Appendix  IV  that  the  pin-hole 


radius  should  be 


a  =  0.  294  fX 

with  X  =  0.  5  X  10-6  m  ,  and  f/200  gives 
a  =  29.  4  x  10-8  m 

=  1.  15  x  10-3  inches  . 

We  have  briefly  examined  the  problems  involved  in  designing  a  constant 
f-number  zoom  lens  arrangement  with  a  10:1  range  and  have,  instead, 
decided  to  utilize  a  set  of  interchangeable  magnifier  pairs,  allowing  a 
moderate  change  in  f-number  by  varying  an  iris  to  change  the  aperture. 
Examining  Appendix  IV,  we  have  concluded  that  with  the  pin-hole  as  large  as 


=  3  X  0.294  fx 
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we  still  would  get  adequate  quality  measurement  results,*  and  would 
actually  have  a  somewhat  better  light  gathering  situation.  We  have  there¬ 
fore  configured  an  optical  train  design  which  would  allow  the  f-number  to 
vary  from  f/ 200  to  f/133. 

The  optical  train  is  laid  out  in  schematic  form  in  Fig.  1.  The 
primary  is  an  8-inch  diameter  off-axis  section  of  a  16-inch  diameter 
parabolic  mirror.  It  can  be  seen  in  Fig.  1  that  because  the  primary 
mirror  is  half  the  size  of  the  source  mirror,  the  folding  mirror  has 
to  protrude  into  the  entrance  aperture.  This  is  only  of  possible  signi¬ 
ficance  when  the  system  is  used  with  its  full  8-inch  diameter  aperture, 
and  even  then  is  only  of  rather  limited  importance.  Since  it  obstructs 
such  a  little  portion  of  the  full  aperture,  its  effect  on  antenna  gain  is 
almost  entirely  negligible.  (We  could  avoid  the  obscuration  only  if  we 
are  willing  to  take  our  off-axis  mirror  from  a  source  mirror  at  least 
18-inches  in  diameter,  rather  than  from  a  16-inch  diameter  mirror.) 

For  overall  size  considerations,  and  taking  account  of  both  mirror  fabri¬ 
cation  and  off-axis  image  aberration  problems,  we  have  selected  the 
primary  focal  length  as  80-inches. 

Tracing  the  light  through  the  optical  chain  shown  in  Fig.  1,  we 
see  that  after  the  folding  mirror,  the  light  is  brought  to  focus  at  the  field 
stop.  The  field  stop  is  sized  to  allow  a  circular  field  of  view  of  1  mrad 
diameter.  This  means  the  opening’s  physical  size  is  0.  08  inches.  The 

light  passing  through  the  field  stop  is  collected  by  a  45.75  mm  focal  length  micro¬ 
scope  objective  and  thereby  collimated. 

*The  change  would  reduce  a  guarantee  of  better  than  90%  accuracy  in  measuring 
instantaneous  antenna  gain  to  80%.  Measurement  of  average  antenna  gain  would 
only  be  affected  by  a  fixed  ratio  which  could  be  exactly  compensated. 


The  collimated  light  then  passes  the  chromatic  elements  box.  This  box 
contains  the  band  pass  filter  which  limits  the  spectral  range  of  the  signal 
to  the  0.4  p,  to  0.  6  (i  spectral  range.  It  also  contains  a  pair  of  prisms 
designed  to  compensate  for  the  chromatic  dispersion  of  the  atmosphere.  • 
(Details  regarding  the  dispersion  compensating  prisms  are  presented 
later.  ) 

The  light  leaves  the  chromatic  element  box,  still  collimated,  and 
enters  the  variable  magnification  unit.  The  variable  magnification  unit 
contains  a  seven  position  magnifier  wheel.  Each  of  the  positions  (except  the  lx 
position,  which  is  empty)  contains  a  pair  of  microscope  objectives  arranged 

nose-to-nose  and  adjusted  so  that  a  collimated  beam  entering  (the  rear  of) 
one  microscope  objective  leaves  the  (rear  of  the)  other  objective  in  a 
collimated  condition,  but  having  been  subjected  to  a  Mx  magnification. 

By  rotating  the  wheel,  the  beam  can  be  made  to  pass  through  different 
parts  and  receive  different  magnifications.  The  available  magnifications 
are  nominally  2X  »  1.  5X  ,  IX  ,  fx  ,  ,  ix  ,  ^x  .  The  microscope- 

objectives  combination  to  provide  these  magnifications,  specified  in  terms 
of  available  effective  focal  lengths,  are  as  listed  in  Table  1.  It  is  signi¬ 
ficant  to  note  that  because  the  beam  entering  and  leaving  the  magnification 
unit  is  collimated,  there  is  no  very  tight  tolerance  on  the  insertion  of 
mr  unification  optics  in  the  beam.  The  only  serious  tolerance  concerns 
the  alignment  of  the  pair  of  microscope  objectives  with  respect  to  each 
other.  Placement  in  the  beam  has  thousandths  of  an  inch,  as  distinct  from 
fraction  of  a  micron,  tolerance. 

After  leaving  the  magnification  unit,  the  beam  falls  on  a  18.  3  cm 
focal  length  lens  (the  tube  magnification  lens  from  a  modern  microscope), 
which  is  the  last  focusing  element  in  the  optical  train.  In  Table  2,  we 
show  the  effective  focal  length  of  the  system  for  each  magnification  listed 
in  Table  1,  as  well  as  showing  the  diameters  corresponding  to  f/200  and 
f/133  operation.  After  this,  the  converging  beam  passes  through  a  9:1 
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Table  1 

Magnifier  Microscope-Objectives  Combination 


Nominal 

Magnification 


2x 


1.  5x 


IX 


Effective  Focal  Length  (mm) 


Front 


18 


None 


18 


9.  1 


9.  1 


4.  6 


Rear 


9.  1 


18 


None 


27 


18 


27 


18 


Actual 

Magnification 


1.  978X 


1.  5x 


0.  6667x 


0. 5056x 


0.  3370X 


0.  2555* 


Table  2 

System  Effective  Focal  Length  and  Effective 
Diameter  at  f/200  and  f/133  Operation 
for  the  Magnifications  Listed  in  Table  1  . 


Ma  gnif  ication 


2x 


1.  5X 


IX 


Effective 

Effective 

Diameter  cm- 

Focal  Length 
(cm) 

f/200 

f/133 

2754 

13.  77 

20.  71 

2065 

10.  33 

15.  53 

13X77, 

6.  886 

10.  35 

918.  2 

4.  591 

6.  904 

688.6 

3.443 

5.  177 

459.  1 

2.  295 

3.452 

344.  3 

1.  722 

2.  589 

pellicle  beam  splitter.  90%  of  the  beam  energy  comes  to  focus  on  an 
image  dissector,  with  the  remaining  10%  falling  on  a  photocell.  The 
image  dissector  has  a  working  photocathode  diameter  of  nominally  1-inch, 
with  a  pin-hole  diameter  of  2.  3  X  10-3  inches.  The  photocell  is  a  low  fre¬ 
quency  (i.  e.  ,  quasi-d.  c.  )  device  with  a  circular  sensitive  area  of  about 
0.  1  inches  diameter.  (This  allows  the  photocell  to  measure  the  total 
light  flux  from  a  star  independent  of  image  quality,  while  the  image  dissec¬ 
tor  is  measuring  a  small  fraction  of  the  flux. 

We  started  our  discussion  of  the  optical  train  with  the  primary 
mirror.  Actually,  however,  the  first  elements  in  the  optical  train  are 
the  two  irises,  one  just  in  front  of  the  primary  mirror,  and  one  at  the 
front  of  the  telescope  tube.  Each  of  the  irises  is  adjustable  over  the  range 
of  2  cm  to  20  cm  diameter,  with  the  two  'Ousted  in  synchronism  except 
that  the  rear  iris  is  taken  as  the  definin  ^crture  so  that  to  accommodate 
a  1  mrad  full  field-of- view,  it  is  necessary  that  the  forward  iris  be  open 
approximately  an  extra  0.  2  cm.  The  forward  iris  is  introduced  with  the 
objective  of  cutting  down  on  stray  radiation.  Its  placement  is  dictated  by 
the  requirement  that  it  be  forward  of  the  folding  mirror  so  that  it  will  not 
block  the  converging  beam  coming  from  the  primary  mirror.  (In  fact, 
except  for  this  consideration,  we  would  utilize  a  number  of  irises  along 
the  full  length  of  the  telescope  tube  to  help  suppress  stray  radiation.  ) 

This  completes  our  description  of  the  optical  train.  We  now  take  up 
the  subject  of  aberrations,  the  limitations  they  impose,  and  their  compen¬ 
sation.  • 

Aberrations 

The  entire  purpose  of  the  experimental  equipment  we  are  describing 
is  to  measure  the  quality  of  the  image  of  a  star  which  atmospheric  turbu¬ 
lence  will  allow  us  to  form.  Anything  else  which  degrades  the  quality  if  the 
image  is  extraneous  and  will  lead  to  confusing  results.  It  is  therefore  im¬ 
portant  that  we  identify  and  be  prepared  to  avoid  any  such  source  of  aberration 


These  are  the  coma  in  the  primary  optics,  and  chromatic  dispersion  at 
large  zenith  angles  due  to  the  atmosphere. 

The  microscope-objective  optics  which  we  plan  on  using  are  well 
corrected  over  a  large  field-of- view,  and  since  moreover  we  will  not  be 
using  these  elements  at  anywhere  near  their  full  design  aperture,  we  can 
be  assured  that  they  will  not  introduce  any  noticeable  aberration.  The  only 
element  which  can  introduce  significant  aberration  is  the  primary.  With 
its  full  diameter,  i.  e.  ,  20  cm,  it  appears  to  be  approximately  an  f/10 
optical  system.  However,  for  calculation  of  sagittal  coma,  which  is  the 
dominant  aberration,  we  must  take  note  of  the  fact  that  the  primary  mirror 
is  a  segment  of  an  f/5  paraboloid.  Since  the  equation  for  sagittal  coma, 

&  ,  is 

9 

3  =  16  (ll  W 

where  9  is  the  field-of-view  half  angle,  we  see  that  for  9  (=  \  mrad)  =  5  x  10"4 
rad  ,  the  aberration  is  only  1.25  p,rad  ,  while  for  cp  {=  ^  mrad)  =  1  X  10"4  rad  , 
the  aberration  is  only  0.  25  |j,rad.  In  view  of  the  fact  that  for  the  20  cm  dia¬ 
meter,  the  diffraction  angle  is 

|  =  2.5  prad  ,  (  @  X  =  5000  A  ) 

it  follows  that  during  acquisition,  when  we  are  searching  a  field-of-view  of 
0.  5  mrad  radius,  coma  will  be  smaller  than  diffraction  spreading,  while 
inside  the  0.  1  mrad  field-of-view  angular  radius,  within  which  we  will  be 
making  our  measurements,  coma  will  be  so  small  compared  to  diffraction 
as  to  be  of  no  consequence  in  terms  of  its  effect  on  the  data. 

Because  of  the  very  high  angular  resolution  involved  in  our  meas¬ 
urements,  atmospheric  dispersion  can  be  significant  as  an  aberration 

o 

mechanism.  We  intend  to  operate  over  the  spectral  band  from  X  =  4000  A 
o 

to  X  =  6000  A  ,  over  which  ra.. ge  the  atmospere's  refractive  index  varies 
from  n  =  1  +  298.  1  X  10‘8  <§  X  =  4000  A  to  n  =  1  +  291. 9  X  10'6 
@  X  =  6000  X  ,  a  difference  in  refractive  index  of  dn  =  6.  2  X  10"s 


It 


can  be  shown  that  for  a  star  at  zenith  angle  0  ,  its  apparent  position  will 
be  spread  over  the  angular  range  d9  due  to  this  spread  in  refractive  index. 

dn 

d©  =  -  —  tan  0  «  -  dn  tan  6 
n 

If  we  could  allow  a  spread  of  2.  5  X  10”8  rad,  which  is  obviously  excessive 
for  the  20  cm  diameter  aperture  (and  is  possibly  too  much  even  when  we 
are  working  with  a  5  cm  diameter  aperture),  we  would  be  restricted  to 
zenith  angles  of  23°  or  less.  If  we  could  allow  as  much  as  5  X  10-6  rad 
dispersion,  we  would  still  be  restricted  to  zenith  angles  of  less  than  40°. 
This  is  obviously  an  excessive  limitation  and  we  have,  therefore,  incorpor¬ 
ated  into  the  chromatic  element  box,  in  the  optical  train,  the  chromatic 
dispersion  compensating  prism  pair  alluded  to  previously.  This  consists 
of  two  pair  of  very  small  angle  prisms,  one  pair  of  crown  and  the  other  of 
flint  glass,  for  example.  (The  important  point  is  not  the  type  of  glass,  but 
the  fact  that  the  two  types  of  glass  have  different  dispersion.  )  By  rotating 
the  two  wedges  (i.  e. ,  the  small  angle  prisms)  of  one  type  of  glass  in  a  plane  per¬ 
pendicular  to  the  beam  direction,  it  is  possible  to  adjust  the  effective  wedge  angle 
and  thereby  the  chromatic  dispersion  introduced  by  the  pair.  With  a  proper  setting 
of  the  two  pairs  of  wedges  with  respect  to  each  other  and  in  terms  of  each  of  their 
effective  angles,  it  is  then  possible  to  introduce  a  negatively  oriented  chromatic  dis¬ 
persion,  exactly  able  to  cancel  the  effect  of  the  atmospheric  dispersion.  These  angles 
can  be  adjusted  so  as  to  allow  cancellation  at  any  zenith  angle.  We  have  incorporated 
the  two  pairs  of  prisms  so  as  to  allow  the  beam  to  pass  undeviated.  However,  it  may 
be  possible  to  work  with  a  single  pair  if  the  total  deviation  is  small  enough.  A  decision 
on  this  matter  will  depend  on  the  details  of  the  total  design,  and  is  postponed  until 
a  later  time. 

At  this  point,  having  completed  our  consideration  of  abberratior>s:  we  now 
turn  our  attention  to  the  subject  of  baffle  requirements.  This  we  take  up  in  the  next 


section. 


WjlHWittWii'fliw  miwwvw.  ftttm  imnnarf 


P-^5 xy&tt?*-  '^gz* 


Baffle  Requirements 

All  of  our  calculations  of  signal-to-noise  ratio  and  system  perform¬ 
ance  have  been  based  on  the  assumption  that  any  background  would  be  due 
to  the  projection  of  the  sky  on  the  focal  plane  by  the  optical  system.  Since 
the  optical  system  at  f/200  only  illuminates  a  solid  angle  of  2.  5  x  10"6  stera- 
dians  in  front  of  the  focal  plane,  it  is  obvious  that  stray  light  coming  in  from 
the  rest  of  the  hemisphere,  even  if  strongly  attenuated,  can  easily  exceed 


the  amount  included  in  our  calculations, 
has  to  be  paid  to  the  baffle  design. 


To  avoid  this,  careful  attention 


It  would  be  desirable  to  restrict  the  cone  angle  incident  on  the  photo¬ 
detectors  directly  to  f/200.  However,  because  of  the  field-of-view  of  the 
system,  the  beam  may  enter  the  final  lens  anywhere  over  a  wide  range,  and 
as  a  consequence,  the  cone  angle  can  not  be  restricted  as  much  as  f/200. 
Probably  f/ 10  to  f/20  is  all  the  restriction  we  can  obtain  at  that  point.  We 
introduce  further  restriction  to  the  passage  of  stray  light  at  the  first  micro¬ 
scope  objective  where  we  can  achieve  an  f/10  baffle  rejection  of  stray  light. 
The  primary  optics  are  baffled  by  the  telescope  tube  and  the  pair  of  irises 
at  the  front  and  rear  of  the  tube.  These  two  irises  provide  a  further  f/10 
attenuation.  This,  in  conjunction  with  the  very  small  size  of  the  field  stop 
aperture  relative  to  the  tube  dimensions,  is  expected  to  provide  adequate 
baffling  against  daytime  stray  radiation. 

We  call  attention  to  the  requirement  that  the  telescope  tube  project 
forward  sufficiently  far  that  it  prevents  direct  illumination  of  the  small 
cavity  just  forward  of  the  field  stop.  We  also  require,  of  course,  that  all 
surfaces  be  painted  flat  black,  probably  with  a  paint  like  the  3-M  velvet. 

It  would  be  desirable  to  be  able  to  give  an  exact  statement  for  the 

baffle  attenuation  --  but  unfortunately,  the  theory  of  baffle  performance  is 

not  weil  enough  advanced  to  allow  this.  However,  on  the  basis  of  the  number 

of  restrictions  we  have  been  able  to  put  in  the  way  of  stray  radiation,  each 

representing  a  fairly  small  angle  restriction,  we  feel  fairly  confident  that 

*  Obviously,  this  problem  is  only  serious  for  daytime  operation.  For 
night  operation,  modest  baffle  performance  should  suffice. 
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stray  radiation  rejection  performance  will  be  adequate. 

At  this  point,  we  are  now  ready  to  turn  our  attention  to  definition 
of  the  electro-optic  detectors  per  se  and  their  mode  of  operation.  We 
take  this  up  in  the  next  section. 

Electro-Optic  Detectors 

There  are  two  electro-optic  detectors  in  the  instrument,  viewing 
the  collected  signal.  As  stated  previously,  they  are  an  image  dissector  and 
a  quasi-d.  c.  photosensor.  They  share  the  collected  flux  in  a  ratio  of  9:1, 
with  the  larger  share  going  to  the  image  dissector.  The  sensitive  area  of 
the  quasi-d.  c.  sensor  is  large  enough  that  when  a  star  is  in  the  center  of 
the  system's  field-of-view,  the  entire  image  of  the  star  will  fall  within  the 
sensitive  area.  The  sensor  itself  can  be  either  a  small  iowgain  photomulti¬ 
plier,  or  possibly  a  vacuum  or  solid  state  photodiode.  It  is  intended  to  be 
used  only  to  measure  the  change  in  system  transmission  when  the  magnifi¬ 
cation  optics  are  changed,  and  therefore  can  work  with  a  very  low,  quasi-d.  c. 
noise  bandwidth.  As  a  consequence,  its  sensitivity  will  be  quite  high,  al¬ 
most  no  matter  what  type  of  detector  ia  used.  Moreover,  since  its  basic 
function  is  simply  to  measure  changes  in  sensitivity  as  the  magnification 
is  changed,  it  does  not  require  absolute  calibration  or  long  term  stability. 

If  its  sensitivity  is  constant  over  a  10-minute  period  to  within  a  few  percent, 
and  measurements  are  repeatable  to  that  precision,  that  should  be  sufficient. 

The  image  dissector  is  the  basic  detector  in  the  system.  It  is  used 
to  acquire  and  track  the  star  being  observed,  and  is  used  to  measure  the 
intensity  of  the  stellar  image  at  the  center  of  the  image  pattern.  The  track¬ 
ing  information  is  generated  by  causing  the  effective  aperture  of  the  image 
dissector  to  move  and  t.ace  out  a  cruciform  pattern  over  the  photocathode. 

The  pattern  is  shown  in  Fig.  2.  Using  standard  techniques,  if  the  extent  of 
the  pattern  is  large  enough  to  pass  beyond  the  range  of  the  image,  the  nec¬ 
essary  tracking  information  can  be  obtained  to  allow  the  center  of  the  cruci¬ 
form  scan  to  be  positioned  over  the  center  of  the  image.  (The  displacement 
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of  the  center  of  the  scan  pattern  from  the  nominal  center  of  the  photo¬ 
cathode  can  then  be  used  to  control  the  pointing  drive  for  the  telescope, 
so  that  the  optics  are  never  required  to  work  very  far  off  of  boresight.  ) 

In  order  to  be  sure  to  track  all  stellar  jitter  associated  with  the  atmosphere, 
we  plan  to  complete  a  cruciform  scan  pattern  once  per  millisecond.  This 
will  permit  high  frequency  tracking  information  to  be  generated.  (However, 
in  order  to  also  allow  generation  of  antenna  gain  information  when  atmos¬ 
pheric  tilt  is  not  tracked  out,  we  will  require  ability  to  adjust  the  tracking 
servo  loop  bandwidth  so  that  we  can  slow  it  down  to  the  point  where  such 
rapidly  varying  tilt  will  not  be  tracked. 

In  Fig.  3a,  we  show  the  horizontal  and  vertical  deflection  tields 
that  might  be  used  to  generate  the  cruciform  pattern.  However,  this  pattern 
spends  very  little  time  with  the  aperture  at  the  center  of  the  scan  pattern, 
which  is  where  we  v/ish  to  make  image  intensity  measurements,  so  as  to 
determine  the  effective  antenna  gain.  In  order  to  improve  our  data  collec¬ 
tion  capability,  we  therefore  plan  on  use  of  the  horizontal  and  vertical  deflec¬ 
tion  fields  shown  in  Fig.  3b.  This  pattern  allows  us  to  make  two,  .2.  msec 
long  measurements  of  intensity  at  the  center  of  the  image,  each  millisecond, 
or  2000  sample  measurements  per  second.  As  we  snail  develop  in  the  next 
section,  it  is  important  that  the  sample  measurements  be  independent.  We 
therefore  recommend  that  a  very  wide  bandwidth  preamplifier,  say  5C  to 
100  kHz,  follow  the  image  dissector  anode.  This  output  would  be  filtered 

by  a  boxcar  integrator,  with  an  integration  period  of JL  msec,  activated  each 

6 

time  the  scan  pattern  stopped  at  the  center.  The  outputs  of  the  boxcar 
integrator  would  be  recorded  for  antenna  gain  determination.  In  the  next 
section,  we  take  up  the  problem  of  data  processing,  signal-to-noise  rat:o  and 
its  effect  on  the  measurements. 

Data  Processing 

If  the  signal-to-noise  ratio  were  no  concern  to  us,  data  processing 
for  antenna  gain  statistics  would  be  very  easy.  We  would  simply  plot  the 
probability  density  of  the  antenna  gain  as  -measured  during  each_l  msec 

5 
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period,  and  from  this  we  could  easily  derive  all  pertinent  statistics.  In 
fact,  however,  the  signal-to-noise  ratio  is  generally  a  problem  and  our  data 
processing  has  to  be  specially  tailored  to  accommodate  this  problem.  In 
what  follows,  we  shall  assume  that  the  data  processing  is  to  be  performed 
by  a  digital  computer,  using  the  individual  samples,  so  that  complexity  of  the 

processing  is  not  a  particular  problem.  We  shall  first  formulate  some  estimates 
of  the  signal  and  noise  in  various  situations.  We  shall  then  consider  the  kind  of  data 
processing  that  would  be  appropriate  and  shall  estimate  how  good  we  might  expect 
the  performance  to  be. 

To  calculate  the  expected  signal  strength,  we  make  use  of  Eq.  (37)  from 
Appendix  IV.  For  an  aperture  of  diameter  D  (cm)  and  viewing  a  star  of  magnitude 
m  ,  the  available  signal  flux  rate  that  could  fall  on  the  sensitive  area  (i.  e. ,  the 

aperture  region)  of  the  image  dissector  photocathode  is 

Ns  =  2.  28  x  10s  cp,  photons/sec. 

where 

90  =  1  ,  <px  -  0,  398  ,  cp3  =  0.  1585  ,  cp3  =  0.  0631 

Allowing  for  an  optics  transmission  of  t  =  0.  3  ,  a  photocathode  quantum 

efficiency  of  T|  =  0.  1  >  and  an  integration  time  At  =  i  X  10-3  sec,  we  see 

6 

vhat  the  detected  flux  will  be 

Ij  =  Ns  r  7|  At  =  1.  14  I?  photoelectrons. 

The  background  photon  flux  during  the  daytime,  according  to  Eq.  (34) 
from  Appendix  IV,  will  be 

Ng  =  9.  09  x  10P  photons/sec, 

% 

resulting  in  a  detected  flux  of 

I0  =  4.  55  photoelectrons. 
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(During  the  night  time,  this  number  will  be  nearly  zero.  )  For  an  aper¬ 
ture  as  large  as  5  cm  diameter,  I9  ,  even  with  a  first  magnitude  star, 
the  stellar  signal  will  be  enough  larger  than  the  background  that  the  back¬ 
ground  contribution  to  the  noise  will  be  negligible.  For  a  larger  aperture, 
this  is  clearly  the  case  and  we  need  not  distinguish  between  day  and  night 
performance  --  except  as  it  may  affect  acquisition.  However,  when  we 
wish  to  work  with  a  2  cm  aperture  diameter,  the  two  flux  rates  are  com¬ 
parable  for  a  first  magnitude  star,  and  performance  will  be  somewhat 
poorer  than  for  night  time  operation. 

We  note  that  in  general  the  available  signal-to-noise  voltage  ratio, 
SNRV  ,  where 

SNR¥  = 

will  be  of  the  order  of  2  to  10.  These  are  marginal  to  only  fair  signal-to- 
noise  ratios,  and  for  the  purpose  of  measuring  antenna  gain  statistics, 
they  are  apparently  inadequate.  However,  if  we  think  in  terms  of  calcu¬ 
lation  of  the  moments  of  the  antenna  gain  distribution,  we  can  circumvent 
this  limitation,  and  because  many  data  points  are  used  in  calculating  the 
moments,  can  expect  an  improvement  of  the  order  of  Yn”  in  the  precision 
of  our  results.  Thus,  if  we  start  with  individual  sample  measurements 
with  a  fractional  precision  of  0.  5,  corresponding  to  a  signal-to-noise  voltage 
ratio  of  2:1,  and  if  we  used  1  minute's  data,  so  that  we  had  N  =  120,000 
individual  measurements,  a  calculation  of  antenna  gain  variance  would  have 
a  precision  of  0.  5^120,000  =  0.0014  which  is  certainly  more  than 
adequate.  By  calculating  the  first  several  moments,  we  can  determine  most 
of  the  important  characteristics  of  the  antenna  gain  distribution,  all  with 
this  sort  of  precision,  although  we  start  with  a  raw  data  signal-to-noise 
voltage  ratio  that  is  rather  poor. 

It  should  be  noted  that  there  is  nothing  particularly  spectacular  or 
unusual  in  our  developing  very  precise  signal  statistics  from  a  noisy  signal. 
In  the  case  of  a  first  moment  determination,  this  is  just  a  matter  of 
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averaging  over  a  long  enough  time  --  and  is  a  routine  process.  As  far 
as  second  moment  determination  is  concerned,  the  practice  of  measuring 
the  correlation  function  (or  the  power  spectrum)  for  a  signal  contaminated, 
with  a  great  deal  of  noise  is  a  well  known  procedure  and  is  regularly 
accomplished.  All  that  is  needed  is  the  ability  to  process  a  large  enough 
set  of  data.  The  correlation  function  (and  power  spectrum)  can  be  very 
precisely  determined  even  though  there  is  a  great  deal  of  noise  present. 

The  only  problem  is  to  separate  the  contribution  of  the  noise  from  that 
due  to  the  signal  of  interest.  V.'e  note  that  the  contribution  due  to  the  noise 
is  deterministic  with  only  a  relatively  small  random  component  --  other¬ 
wise  it  would  not  be  possible  to  make  meaningful  measurements  of  a  noise 
power  spectrum.  The  problem  is  to  make  a  measurement  of  the  variance 
which  is  not  only  precise  (i.  e. ,  not  random),  but  also  is  not  contaminated 
by  an  unknown  contribution  due  to  the  noise.  In  our  case,  we  do  this  by 
measuring  the  correlation  function  only  for  time  differences  for  which  the 
noise  correlation  is  zero. 

The  key  to  the  process  is  in  the  way  we  manipulate  the  raw  data 
so  as  to  prevent  the  photon  "hoc  noise  distribution  from  biasing  the  results. 
For  example,  if  we  simply  calculated  the  variance  of  the  raw  data,  its 
precision  would  be  as  good  as  indicated  above.  However,  the  accuracy 
would  be  very  far  off  since  the  variance  we  determined  would  be  due  to 
a  combination  of  antenna  gain  variance  and  shot  noise  variance.  The  shot 
noise  variance  would  bias  the  results  so  badly  that  they  would  be  essentially 
useless.  To  avoid  this,  we  simply  would  calculate  not  the  variance  of  the 
data,  but  rather  the  covariance  for  a  time  delay  of  0.  5  msec,  i.  e.  ,  the 
time  between  one  sample  and  the  next.  So  long  as  the  antenna  gain  varia¬ 
tions  are  well  correlated  over  this  time  interval  (which  seems  highly  likely 
since  the  time  is  shorter  than  the  ejected  rate  over  which  turbulence  will 
move  one  aperture  diameter),  the  effect  is  the  same  as  if  we  were  calcula¬ 
ting  the  zero  time  delay  covariance.  However,  because  of  the  way  the 
electronics  were  specified,  i.  e.  ,  very  wide  bandwidth  followed  by  a  boxcar 


integrator,  there  should  be  no  correlation  in  the  shot  noise  between  samples. 
As  a  consequence,  the  shot  noise  contribution  will  be  absent,  i.  e.  ,  tend  to 
zero,  for  the  time  delay  covariance.  In  the  next  section,  we  indicate  mathe¬ 
matically  why  this  proves  to  be  so.  Also,  we  indicate  mathematically  how  this 
sort  of  enhancement  would  arise,  but  for  a  slightly  different  case.  The  appendix 
treats  a  case  which  does  not  quite  correspond  to  Poisson  statistics  but  for  which, 
like  Poisson  statistics  and  unlike  the  simple  additive  noise  case,  the  contaminating 
noise  magnitude  is  dependent  on  the  magnitude  of  the  signal  whose  statistics  we 
wish  to  study.  For  this  case,  we  show  exactly  how  the  mathematics  of  the  processing 
results  in  the  suppression  of  the  effect  of  the  contaminating  noise. 

Covariance  of  a  Product  of  Statistically  Independent  Random  Variables. 

In  this  section,  we  wish  to  consider  the  problem  of  calculating  the  covariance 
of  a  data  set  {d.}  ,  where  each  data  point  dj  is  the  product  of  two  random  variables, 
u.  and  v  ,  i.e., 


dt  =utvt  . 

This  corresponds  in  an  approximate  sense  to  the  situation  of  antenna  gain 
data,  where  ut  can  be  considered  the  antenna  gain  variation,  and  vt  is 
a  factor  accounting  for  the  shot  noise  variation.  We  treat  them  multipli- 
catively  to  allow  for  the  fact  that  when  ut  is  large,  the  shot  noise  varia¬ 
tion  is  larger.  Strictly  speaking,  if  we  want  our  analogy  with  Poisson 
shot  noise  statistics  to  be  accurate,  we  should  ailow  the  statistics  of  vt 
to  vary  with  the  magnitude  of  ut  ,  though  the  actual  random  value  of  vt 
would  be  independently  chosen  from  the  Vj  statistics.  However,  to 
attempt  to  incorporate  this  feature  into  our  model  would  excessively 
complicate  our  analysis.  We  have  therefore  chosen  to  approximately 
represent  the  statistics  of  a  randomly  fluctuating  signal  amplitude  with 
shot  noise  by  the  product  UjVj  .  The  atmospheric  turbulence  induced 
antenna  gain  variation  corresponds  to  the  u{  fluctuation.  If  the  signal 


were  very  strong,  there  would  be  no  significant  shot  noise  and  ut  itself 
would  accurately  represent  the  fluctuating  signal  that  would  be  received. 
But  when  the  signal  is  weak,  though  ut  is  the  signal  level  that  ought  to 
be  received,  shot  noise  will  randomly  modulate  the  nominal  value  of  ut  . 
Multiplication  by  v$  represents  this  random  modulation.  When  ut  takes 
a  large  value,  the  fluctuation  induced  by  vt  is  large  --  when  ut  has  a 
small  value,  the  fluctuation  induced  by  v4  is  smaller.  This  is  similar 
to  the  shot  noise  case  for  which  we  expect  larger  shot  noise  variations 
when  the  nominal  signal  level  is  larger  and  smaller  fluctuations  when  the 
nominal  signal  level  is  smaller.  It  is  important  to  note  that  in  this  formu¬ 
lation  Vj  is  a  random  variable  whose  value  is  chosen  independent  of  the 
value  of  Uj  ,  i.  e.  »  vt  and  Uj  are  independent  random  variables. 

In  accordance  with  the  discussion  in  the  main  text,  we  would 
calculate 

.  N 

V*  *  n  1  W'  *  d)  (d'«  '  d  > 

1  =  1 

where 

1  N 

d  =  N  I  dt  =  <dl>  =  <u!vi>  * 

1=1 

Since  ut  and  are  independent,  it  follows  th - . 

<u,  v,  )  =  <ut  >  <v{  > 

so  that 

d  =  u  v 
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1=  1 


Since 

(uj  vt  -  u  v)  =  (ut  -  u)(v,  -  v)  +  u  (vt  -  v)  +  v  (ut  -  u) 

and 

(ul  +  i  vi+i  ~  u  v)  =  (ui  +  1  -  u)(vi+1  -  v)  +  u(v1+1  -  v)  +  v  (u1+1  -  u) 

as  can  be  verified  by  simply  carrying  out  all  the  multiplications  on  the 
right  hand  side  of  each  equation,  then  we  can  write 

(dt  -  d)  (d1  +  1  -  d)  =  (u,v,-  uv)(u,n  v)+1  -  u  v) 

=  [  (u,  -  u)(v,  -  v)  +  u  (vt  -  v)  +  v  (u,  -  u)] 

x  C(ui+i  ‘  uKvi  +  i  -  v)  +  u(v1+1  -  v)  +  v  (ut  +  1-  u)]  . 

If  we  substitute  this  into  the  expression  for  a ,  we  see  that  we  have  nine 
product  terms  in  the  summation.  Thus, 

1  N 

ad'a  =  n  I  {  K  -  K+i  *  u>  K  -  v)  K+i  -  ▼> 

i=i 

+  u  (ux  -  u)  (v,  -  v)  (v1  +  1  -  v)  +  (u,  -  u)  (u!  +  1  -  u)  V  (v,  -  v) 

—  __  __  _  __a  _  _ 

+  U  (u1+1  -  u)  {Vj  -  v)  (vx+1  -  v)  +  u  (Vj  -  v)  (v1+x  -  v) 

+  U  (U1+1  -  u)  V  (v,  -  v)  +  (u,  -  u)  (uJ+  l  -  u)  V  (vi  +  i  -  v) 

_  __  __  _  __  __ 

+  u  (u,  -  u)  V  (vl  +  x  -  v)  +  V  (Uj  -  u)  (u,+,  -  u)  }  . 
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The  important  point  to  recognize  here  is  that  since 


<  u,  -  u  >  =  0 

<  vt  -  v  >  =  0 

«v,  -v)(v1+1-v)>  =  <vt  -  v  ><vt+1  -7>  =  0 

<  ‘  u)  (u1+1  -  u)  >  =  <  (ut  -  u)8  )  s  aua 


then  the  only  term  in  the  summation  expression  for  a,  ,3  which  does  not 
'  d 

go  to  zero  as  N  increases  is  the  last  term.  Thus 

N 


a  -  1  t* 

°V  ~  ~  -  • 


?  N  L  (u‘‘u)S 


=  V 


u 


As  we  indicated,  the  result  is  that  a  ,3  is  an  unbiased  estimate 

— 3  “ 

of  the  variance  of  u  (scaled  by  a  factor  v  .  )  The  noise  variance  in  v 
does  not  bias  the  result.  It  is  expected  to  produce  noise  in  the  result  for 
a  since  the  other  terms,  while  they  tend  to  zero,  approach  it  in  a  random 

d  -h 

walk  with  their  contribution  to  cr.,s  decreasing  as  N  8 

a 


Figure  1.  Schematic  of  Telescope  Optics  Layout 


Figure  2.  Cruciform  Scan  Pattern 
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Figure  3a.  Deflection  Fields  for  Cruciform  Scan  --  No  Pause  at  Center. 

The  heavy  bars,  "allowed  measurement  interval"  indicate  the 
period  when  the  scan  is  near  the  center. 


Figure  3b.  Deflection  Fields  for  Cruciform  Scan  --  With  Pause  at  Center 
The  heavy  bars,  'Allowed  measurement  interval"  indicate  the 
period  when  the  scan  is  at  the  center. 
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APPENDIX  VI 

METHOD  OF  COMPUTING  STAR  DESIGNATION  DATA  AS  USED  AT 
VANDENBERG  AIR  FORCE  BASE 


Following  is  a  description  of  the  method  used  to  compute  the  azimuth  and  elevation 
where: 


RA  =  apparent  right  ascension  of  the  star  in  hours 

DC  =  apparent  declination  of  the  star  in  degrees 

SMRA1  =  mean  right  ascension  for  year  after  the  current  year  in  seconds 

of  a  degree 

SMDC1  =  mean  declination  for  year  after  the  current  year  in  seconds  of  a 
degree 

A,  B,  C,  and  D  are  the  Besselian  day  numbers  for  the  correction  for  the  aberration, 
precession,  and  nutation  units  (seconds  of  arc)  where: 

M  =  precession  in  right  ascension  in  seconds  of  arc 

N  =  precession  in  declination  in  seconds  of  arc 

e  =  Mean  obliquity  of  the  ecliptic  in  degrees  and  fraction  of  a  degree 

SMRA  =  mean  right  ascension  of  the  star  for  the  current  year  in  degrees 

SMDC  -  mean  declination  of  the  star  for  the  current  year  in  degrees 

The  following  equations  are  used  to  compute  the  star  constants,  a,  a',  b,  b',  c,  c',  d, 
and  d', where: 

a  =  m/n  +  sin  (SMRA)  •  tan  (SMDC) 

b  =  cos  (SMRS)  •  tan  (SMDC) 

c  =  cos  (SMRA)  •  sec  (SMDC) 

d  =  sin  (SMRA)  •  sec  (SMDC) 

a’  =  cos  (SMRA) 

b1  =  sin  (SMRA) 

c'  =  tan  (e)  •  cos  (SMDC)  -sin  (SMRA)  •  sin  (SMDC) 

d'  =  cos  (SMRA)  •  sin  (SMDC) 


The  corrected  right  ascension  will  then  be 

RA  =  SMRA  +  Aa  +  Bb  +  Cc  +  Dd  (1) 

and  the  corrected  declination  will  be 

DC  =  SMDC  +  Aa'  +  Bb*  +  Cc'  +  Dd'  (2) 

However,  if  the  month  of  the  year  for  which  the  azimuth  and  elevation  of  a  star  is 

desired  should  fall  after  June,  then  SMRA  and  SMDC  in  the  above  equations  are  re¬ 
placed  by  SMRA1  and  SMDC1  in  Eqs.  (1)  and  (2),  respectively,  where 

SMRA1  =  SMRA  +  M  +  N  [sin  (SMRA)]  ?  sin  (SMDC)/cos  (SMDC) 

SMDC1  =  SMDC  +  N  [cos  (SMRA)] 


The  local  hour  angle  is  then  computed  from  the  equation 

LHA°  =  360°  -  15(RAh)  +  15(STh)  -LO°  +  (15.04106864)*  Z 
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Where  LO  is  the  longitude  of  the  observer  and  Z  is  Zulu  Time  (Greenwich  Mean  Time 
or  Universal  Time)  and  the  superscript  h  stands  for  hours  and  fraction  of  an  hour. 

*  LHA  is  reduced  by  360°  until  0°  <LHA°  <360° 

Next,  the  elevation  is  computed  as  shown  below. 

EL  =  sin  1  [sin(DC)  >  sin(LA)  +  cos(LA)  •  cos(LHA)  •  cos  (DC)] 

where 

LA  =  the  latitude  of  the  observer 

E  =  F.L  +  refraction  correction 

The  azimuth  is  then  computed  as  follows: 

A  =  sin  3  [  -sin(LHA)  •  cos(DC)  /  cos(EL)] 

The  elevation  and  azimuth  are  then  converted  into  degrees .  mils ,  or  radar  octal  as 
requested. 

The  mils  values  for  azimuth  or  elevation  are  obtained  from  the  relationship: 

*  mils  =  degrees  x  17.777777 

The  octal  values  for  azimuth  or  elevation  are  obtained  from  the  relationship: 

Conversion  to  octal  of  bit  count  where  the  bit  count  =  mils  *  40.96  (there  are 
exactly  40.96  bits  per  mil  on  the  basis  of  an  18-bit  angle  encoder  system). 


1.  COORDINATE  TRANSFORMATION 

Let  X,n,  Y,M,  Z,M  be  the  sidereal  mount  axes,  and  X,Y,Z  be  the  local  site  axes. 

The  X-Y  plane  is  horizontal,  and  Z  is  the  local  vertical.  0  is  the  site  latitude  base 
tilt  angle  or  '  mount  angle;"  o;  is  the  declination  angle;  and  y  is  the  right  ascension 
angle. 

a.  Coordinate  Conversion  From  (X,n.  Ym,  ZUI)  to  (Xn,  Yn,  Zn) 

(See  Figure  VII- 1) 

b.  Coordinate  Conversion  From  (X".  Y".  Z">  to  (X1,  Y',  Zl) 

(See  Figure  VII -2) 

c.  Coordinate  Conversion  From  (X1,  Y1,  Z1)  to  (X,  Y,  Z) 


-X"- 

'cos  y* 

-sin  y 

O' 

X'"’ 

Y" 

= 

sin  y 

cos  y 

0 

Y«»t 

.Z". 

0 

0 

1. 

.ZMI. 

-xr 

'cos  0!  0  -sin  of 

-x»- 

Y» 

= 

0  10 

Y" 

.Z«. 

.sin  a  0  cos  o; . 

.Z". 

X* 

‘1 

0 

0  ' 

X'* 

Y 

= 

0 

cos  /? 

-sin  0 

Y» 

(See  Figure  VII-  3) 

.Z. 

.0 

sin/3 

cos  0  . 
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d.  Coordinate  Conversion  From  (Xm, 

Y'" 

Z'")  to  (X,  Y,  Z) 
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0 

-sin  a 

-Xt- 

Y 

0 

1 

0 

Y» 

(See  Figure  VH-4) 
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PRECEDING  FIG®  BLAiaUNOT 


'cos  a  cos  y  -cos  a  sin  y 

=  sin  a  sin  p  cos  y  +  cos  p  sin  y  sin  a  sin  p  sin  y  +  cos  p  cos  y 

.sin  a  cos  p  cos  y  +  sin  p  sin  y  -sin  a  cos  p  sin  y  +  sin  p  cos  y 

-sin  a  ’  rX‘"' 

-cos  a  sin  p  Y"1 
cos  a  cos  p  J  LZ">_ 

2.  PROJECTION  OF  THE  OPTICAL  AXIS  ONTO  THE  X,  Y,  Z  COORDINATE  SYSTEM 

Let  the  X,n  axis  of  the  X,M,  Ym,  Zm  coordinate  system  be  the  optical  axis.  The  unit 
vector  along  the  optical  axis  is  (X,n  =  1,  Y"1  =  0,  Zm  =  0)  =  UXm  .  After  coordi¬ 
nate  conversion  from  (X,M,  Y,M,  Z,M)  to  (X,  Y,  Z),  U-£M,  becomes 

fxv.,,1  f  cos  a  cos  y  1 


-sin  a  sin  p  cos  y  +  cos  p  sin  y 
sin  a  cos  p  cos  y  +  sin  p  sin  y 


X,  Y,  Z 


Define  the  angle  E  as  the  elevation  angle  between  the  optical  axis  ILr-,,,  andtheX,Y 
plane,  and  the  angle  A  as  the  az  imuth  angle  between  the  projection  of  UXtn  on  to  the 
X,  Y  plane  and  the  X  axis.  Then 

x^,,,  =  cos  E  •  cos  A 

yX;M  =  cos  E  •  sin  A 

zx,„  =  sinE 

3.  ELEVATION  AND  AZIMUTH  ANGLES  OF  THE  OPTICAL  AXIS  WITH  RESPECT 
TO  THE  X,  Y,  Z  COORDINATE  SYSTEM 

Therefore: 


tan  E  = 


b"  +  yx,u 


tan  A  = 
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tan  E  = 


sin  a  cos  B  cos  y  +  sin  fl  sin  y 

2222222  ^ 
(cos  a  cos  y  +  sin  a  sin  /3  cos  y  +  cos  P  sin  y  -  2  sin  a  sin  p  cos  P  sin  y  cos  y) 


tan  A  = 


-sin  a  sin  fi  sin  y  +  cos  fi  sin 


sin  a  cos  fi  cos  y  +  sin  fi  sin  y 


4.  FIELD  ROTATION  ANGLE  R 


Define  the  field  rotation  angle  R  as  the  angle  between  the  Ym  axis  and  the  vector  W 
formed  by  the  intersection  of  the  X,  Y  plane  and  the  Ym,  Zm  plane. 

The  intersecting  vector  W  is  given  by  the  determinant  of 


IT  * 


Ices  q:  cos  y  -sin  a  sin  fi  cos  y  +  cos  fi  sin  y  sin  a  cos  fi  cos  y  +  sin  fi  sin  y 


IT  * 


W  =  i 


*w 


where 


/I';;. 

'IS 

If 


i 


m 


=  sin  a  sin  fi  cos  y  -  cos  fi  sin  y 
y^  =  cos  a.  cos  y 

zw  =  0 


The  unit  vector  is 


UW  = 


\(  .  n  „  .  \2  2  2  11/ 
I  Ism  a  cos  fi  cos  y  -  cos  fi  sin  y |  +  cos  a  cos  y| 


[sin  o>  sin  fi  cos  y  -  cos  fi  sin  y 
cos  a  cos  y 


X.Y.Z 
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The  unit  vector  Uyflt  on  the  X,  Y,  Z  coordinate  system  is 


^Y,m 


-cos  a  sin  y 

sin  a  sin  p  sin  y  +  cos  p  cos  y 
L  -sin  a  cos  p  sin  y  +  sin  p  cos  y 


X,  Y,  Z 


Then  the  cosine  of  the  field  rotation  angle  R  is  given  by  the  interproduct  of  Uw  and 
UY,M  ;  hence, 

cos  R  =  Uw  ,  Uy,t, 


cos  a  cos  P 


\(  .  n  „  .  \2  2  2  11/2 
Ism  a  cos  p  cos  y  -  cos  p  sm  y J  +  cos  a  cos  y 


5.  SUMMARY 

Given  angles  a,  p,  and  y, 


tan  E  = 


sin  a  cos  P  cos  7  +  sin  P  sin  y 


2  2  2  2  2  2  2 
(cos  a  cos  y  +  sin  a  sin  P  cos  y  +  cos  P  sin  7-2  sin  at  sin  p  cos  p  sin  y  cos  y) 


Tft 


tan  A  = 


-sin  O!  sin  p  cos  y  +  cos  p  sin  y 
sin  a  cos  3  cos  y  +  sin  p  sin  y 


cos  R  = 


cos  a  cos  p 


[^sin  a  cos  p  cos  y  -  cos  p  sin  y)2  +  cos2  a  cos  y 


2  11/2 
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NOVA  TIMING  FOR  CONVERSION, 
PROCESSING,  AND  RECORDING 
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1.  GENERAL 


*s- 


;  t 


This  appendix  considers  two  configurations  —  the  SUPER  NOVA  with  semiconductor 
memory  and  core  memory,  and  the  NOVA  800  with  core  memory.  Time  budgets 
are  given  for  100,  75  and  50  percent  of  the  nominal  80-kHz  sampling  rate. 

Over  a  1-msec  interval,  the  summations  2A. ,  2Ei ,  and  2Ij  can  be  performed 
with  single  precision  integer  addition  on  a  16-bit  NOVA  machine.  Specifically, 
since 


0  <  A.  ,  E.  <  28  and  0  <  I.  <  210 

l  ’  l  l 


then 


20  20  40 

°  s  E  ,  I ,  E,  ,  D  I,  S  2 
1=1  1=1  1=1 


16 


Therefore,  each  of  these  summations  can  be  computed,  employing  the  following 
control  statements: 


LOOP 


Statements 


LDA 

0  >  + 

<t>  ,  2 

ADD 

4>  ,  i 

INC 

3  ,  3 

,  SZR 

JMP 

LOOP 

SN(a) 

SN,SC(a) 

(Msec) 

(Msec) 

1.6 

1.2 

0.8 

0.3 

0.8 

0.3 

0.8 

0.3 

4.0 

2.1 

(a)  Timing  for  SUPER  NOVA  employing  core  memory,  and 
SUPER  NOVA  employing  30G-msec  semiconductor  (SC) 
memory,  respectively. 


EH3CEPIN3  PAGE  BLANfc'N 


269 


'JO 


dBWRMW  flWUPW* 


Hence, for  1  msec,  the  time  budget  is 


i 

Sample  Rate 

..  (%) 

SUPER  NOVA  (NOVA  800) 

( /xsec ) 

SUPERNOVA,  SC 
( nsec ) 

1 

1 

100 

320 

168 

76 

240  (330) 

126 

t 

i 

50 

160  (220) 

84 

(a)  NOVA  800  takes  approximately  1.36  times  longer  than  the  SUPER 
NOVA  in  this  application . 


2.  COMPUTING  SUMS  OF  PRODUCTS 
Over  a  1-msec  interval,  the  sums  of  products 


20 

V  A.  *  A.  _ 

>-(,  i  l+l 


and 


i  =  l 


20 

V  E.  *  E. 
,4-,  i  i 


i  =  1 


+  1 


I 


will  require  double  precision  integer  addition  and  single  precision  integer  multi¬ 
plication  on  a  16-bit  NOVA  machine.  Therefore,  each  of  these  summations  can 
be  carried  out  employing  the  following  generic  control  statements: 


Statements 


SN  SN,  SC 

(nsec)  ( Msec ) 


LOOP 


LDA 

1.6 

1.2 

LDA 

1.6 

1.2 

MUL 

3.8 

3.7 

ADDZ 

0.8 

0.3 

INC 

0.8 

0.3 

ADD 

0.8 

0.3 

MOV 

0.8 

0.3 

INC 

0.8 

0.3 

JMP  LOOP 

0.8 

0.3 

11.4 

?79 

I 


$ 

f 


i 

& 


f 


4^- 


•L 


2 

§ 

! 

f 

v 


-V 

fk 


| 

5  ~ 


I 

i 

I 


# 


The  time  budget  for  1  msec  is: 

Sample  Rate  SUPER  NOVA  (NOVA  800)^  SUPER  NOVA,  SC 

(%)  _ (Msec) _  (Msec) 

100  456  316 

75  342  (610)  237 

50  228  (410)  158 

(a)  NOVA  800  takes  approximately  1 . 7  times  longer  than  the  SUPER 
NOVA  plus  a  20  /isec  setup  time  for  the  two  summation  loops. 

3.  ADC  AND  TAPE  OUTPUT  BLOCK  TRANSFERS 


The  number  of  words  in  each  input  buffer  determines  the  number  of  ADC  output 
samples  which  will  be  transferred  from  the  ADC  to  main  memory  via  the  DMA  in 
a  block  transfer  mode.  In  this  mode,  the  problem  program  sets  up  the  block  trans¬ 
fer,  then  turns  the  transfer  function  ever  to  the  ADC  controller.  The  time  taken  to 
set  up  the  transfer  is  independent  of  block  length;  that  is,  the  longer  the  block  the 
less  effect  this  time  has  on  the  time  budget.  Even  though  the  block  transfer  is  ac¬ 
complished  automatically,  the  control  processor  is  used  on  a  "cycle  stealing"  basis 
to  handle  each  sample.  Using  the  high-speed  data  channel, this  requires  0.8  n sec  of 
processor  time  per  sample .  Thus  over  a  1-msec  period: 


Sample  Rate 
(%) 


SUPER  NOVA  (NOVA  800) (a) 
_ (used _ 


100 

75 

50 


66.4 

50.4 

34.4 


(a)  Times  include  3  voice  samples  per  1-msec  interval  plus 
a  12.5-Msec  setup  time  for  each  block  transfer. 

Tape  writing  will  also  be  accomplished  in  a  block  transfer  mode  at  an  average  8k 
words/sec;  1  nsec  of  processor  time  is  taken  for  each  word.  This  is  compatible 
with  the  16k  byte/ sec  transfer  rate  possible  with  the  NOVA  specified  tape  drive . 
Thus  the  processor  times  are  8,  6,  and  4  psec  for  100,  75,  and  50  percent  of  the 
nominal  sampling  rate  plus  the  voice  samples . 
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4.  SUMMARY 


The  time  budget  for  a  1-msec  interval  is  as  follows: 


Sampling  Rate 
(%) 

NOVA  800 
(Msec) 

SUPER  NOVA 
(Msec) 

SN,  SC 
(Msec) 

100 

— 

902 

610 

75 

1048 

690 

471 

50 

721 

479 

333 

This  budget  includes  the  conversion  and  recording  times  for  A 
Setup  times  for  conversion  and  recording  block  transfers  were 

i,  Ei,  Ii ,  and 
amortized  over 

12.5-msec  intervals. 
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This  appendix  presents  the  data  tabulations  produced  by  the  Courier  Analyzer  during 
'he  Fade  Correlation  Experiment.  For  each  measurement  (desigrated  by  a  "measure¬ 
ment  number")  there  are  four  tabulations,  each  preceded  by  a  line  labeled  SF  (for 
"scale  factors"), as  follows: 

(1)  Square  of  normalized  cross-correlation  function  (first  32  values) 

(2)  Autocorrelation  function  of  the  A-signal  (first  32  values) .  The  zero**1 
value  (first  entry  in  this  tabulation)  is  the  variance  of  the  A-signal. 

(3)  Zero-frequency  or  d-c  value  of  the  A-signal.  One  pair  of  entries  appears, 
the  first  being  the  real  part  of  the  zero  frequency  term  of  the  A-signal 
Fourier  spectrum,  i.e. ,  the  d-c  value,  and  the  second  being  the  imaginary 
part  which  is  automatically  zero  for  the  zero-frequency  term. 

(4)  Power  spectral  density  of  A-signal  expressed  in  units  of  0.  01  dB. 

The  columns  of  zeros  can  be  disregarded  because  these  values  represent 
the  imaginary  parts  of  each  of  the  power  spectrum  components,  and 
they  are  all  automatically  zero. 

The  SF  headings  for  the  first  three  tabulations  on  each  page  have  three  parts,  as 
follows: 

(1)  A  numerical  scale  factor  applicable  to  all  entries  and  equal  to  ten  to  that 
exponent. 

(2)  A  code  distinguishing  time  domain  variables  (0)  from  Fourier  domain 
variables  (4). 

(3)  \  code  designating  the  input  sampling  conditions.  The  number  59  denotes 
a  sample  size  per  data  block  of  256,  extending  over  a  200-msec  interval. 

For  this  condition,  the  frequency  interval  Af  of  the  power  spectrum 
tabulation  is  5  Hz.  Code  60  denotes  a  256-point  sample  extending  over 
100  msec.  The  corresponding  Af  is  10  Hz. 

For  the  fourth  (power  spectrum)  tabulation,  the  three  SF  elements  have  the  following 
meaning: 

t 

(1)  Number  of  cB  to  be  added  to  the  values  indicated  by  the  table  to  obtain  values 
referenced  to  a  level  of  (1  volt)2  .  For  example,  the  second  entry  in  the  power 
spectrum  tabulation  for  Measurement  No.  1  is  -11. 95  dB  —  30. 00  dB  = 

-41. 95  dB. 

(2)  Variable  code  (6)  indicating  power  spectral  density  in  dB  units. 

(3)  Input  sampling  condition  —  same  meaning  as  for  other  tabulations. 
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The  experimental  conditions  applicable  to  each  measurement-are^  these- indicated  by 
Table  K-l  for  the  corresponding  Measurement  No. ,  and  more  generally,  by-the 
discussion  in  Section  II,  5,  c. 

the  power  spectrum  calculation,  the  zero  frequency  component  was  set  equal  to  zero, 
the  following  tabulations,  this  component  is  reproduced  as  -50, ..00  S.  F.^  rather 
than  -oo ,  as  this  is  the  largest  negative  dB  value  that  can  be  represented. 

Table  XI-1  Fade  Correlation  Measurement  Conditions  —  450-ft  Outdoor  Path 


Measure¬ 

ment 

No. 

dA  *  “B  ’ 
Primary 
Aperture 
Diameter 
(cm) 

1 

1.25 

2 

1  25 

3 

2.50 

4 

2.50 

5  . 

2.50 

6 

2.50 

7 

5.0 

8 

5.0 

9 

u.  0 
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MEASUREMENT  NO.  1 


{ 


l 


t' 


V 


fv 


Li 


Sr 

-4 

0 

59 

< 

0) 

9707 

9800 

9069 

8354 

7507 

6668 

582/ 

C 

8) 

4436 

3887 

3380 

2942 

2629 

2312 

2024 

c 

16) 

1550 

1339 

1152 

985 

866 

737 

617 

c 

/ 

84) 

435 

360 

296 

238 

195 

153 

1  17 

5F 

_  j 

0 

59 

( 

0) 

3515 

3466 

3374 

3229 

3067 

2888 

c-  /  H 

/ 

SF 

-5 

4 

59 

C 

0) 

CO 

A 

1 

0 

/ 

bF 

( 

0) 

-40  6 

-5000 

59 

0 

-232 

0 

-418 

0 

( 

4) 

-798 

0 

-996 

0 

-1158 

ft 

( 

8) 

-1447 

0 

-1489 

0 

-1645 

0 

< 

12) 

-1745 

0 

-1675 

0 

-1972 

0 

( 

16) 

-2099 

0 

-2209 

0 

-2160 

0 

C 

20) 

-2510 

0 

-2475 

0 

-2560 

0 

( 

24) 

-2786 

0 

-2911 

0 

-3032 

0 

( 

28) 

-2982 

0 

-3199 

3 

-3225 

0 

/ 
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5101 
17  70 
517 
bb 


8520 


-752 

-1251 

-1597 

-1984 

-8231 

-2705 

-2838 

-3350 


MEASUREMENT  NO.  2 


SF 


-4 


59 


( 

0) 

9627 

9669 

8604 

8001 

7032 

6152 

5307 

( 

8> 

3941 

3416 

2935 

2526 

2211 

1929 

1657 

< 

16) 

1242 

1062 

914 

788 

692 

591 

510 

( 

/ 

24) 

363 

298 

244 

193 

159 

125 

95 

SF 

-7 

0 

59 

( 

/ 

r 

0) 

4199 

4128 

3989 

3774 

3548 

3302 

3075 

SF 

-5 

4 

59 

< 

0) 

-7565 

0 

SF 


-30 


59 


< 

0) 

-5000 

0 

-1195 

0 

-1338 

0 

< 

4) 

-1821 

0 

-1900 

0 

-1978 

0 

< 

8) 

-2212 

0 

-2496 

0 

-2425 

0 

< 

12) 

-2483 

0 

-2682 

0 

-2758 

0 

( 

16) 

-2932 

0 

-3107 

0 

-3160 

0 

( 

20) 

-3109 

0 

-3155 

0 

-3368 

0 

C 

24) 

-3689 

0 

-3722 

0 

-3681 

0 

( 

28) 

-367  J 

0 

-3816 

0 

-3911 

0 

458 1 
1432 
427 
73 


2846 


-1655 

-2156 

-2532 

-2791 

-3091 

-3199 

-3630 

-4067 


<5r 

(  MEASUREMENT  NO.  3 


SF 

-4 

u 

60 

4 

( 

0) 

9378 

9570 

9357 

C 

8) 

8020 

7799 

7456 

( 

16) 

5519 

5182 

4842 

( 

24) 

3  105 

2824 

2555 

/ 

SF 

-6 

0 

60 

C 

0) 

8601 

8518 

8507 

/ 

SF 

-5 

4 

60 

( 

0) 

- 

15198 

3 

/ 

SF 

-20  6 

60 

( 

0)  -5000 

0 

-528 

( 

4)  -1952 

0 

-2106 

,  ( 

8)  -2970 

0 

-3032 

( 

12)  -3368 

0 

-3393 

/ 


9121 

9062 

8612 

8597 

6275 

7144 

6832 

6496 

6166 

5827 

4515 

4254 

3948 

3630 

3333 

2321 

2128 

1916 

1705 

1505 

8400 

8386 

8265 

8182 

8033 

0 

-1154 

0 

-1453 

0 

0 

-2628 

0 

-2831 

0 

0 

-3192 

0 

-3243 

0 

0 

-3477 

0 

-3623 

0 
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MEASUREMENT  NO.  A  | 


SF 

-4 

0 

60 

( 

0) 

9155 

9163 

8789 

( 

8) 

6925 

6660 

6236 

C 

161 

4437 

4147 

3857 

c 

24) 

2502 

2280 

2099 

/ 

SF 

-6 

0 

60 

< 

0) 

16545 

16354 

16269 

/ 

SF 

-4 

4 

60 

< 

0) 

-2949 

0 

/ 


8550 

8264 

7997 

7599 

5947 

5631 

5338 

5003 

3590 

3368 

3152 

2699 

1917 

1783 

1620 

1475 

5986 

15842 

15544 

15266 

7321 

4697 

2669 

1314 


14931 


POWER  SPECTRUM  PRINTOUT  NOT  OBTAINED 
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MEASUREMENT  NO.  5 


SF 

<  0) 
(  8) 
C  16) 
(  24) 

/ 


60 


9601 

7061 

3944 

1832 


9523 

6665 

3599 

1625 


9240 

6235 

3294 

1459 


8929 

5820 

2988 

1290 


SF  -6  0  60 

C  0)  5104  5052  5023 


4936 


SF  -5  4  60 

(  0)  -10438  0 


-  £*>' 


*  ,* 


SF 

C 

c 

( 

( 

c 

( 

( 

< 

/ 


-20 


60 


0) 

4) 

8) 

12) 

16) 

20) 

24) 

28) 


-5000 

-1775 

-2686 

-3356 

-3602 

-3883 

-4079 

-4225 


0 

0 

0 

0 

0 

0 

0 

0 


-851 

-2162 

-2883 

-3406 

-3720 

-3924 

-4079 

-4225 


0 

0 

0 

0 

0 

0 

0 

0 


8  : 


■1* 


i  ; 


231 


8633  8297 
5446  5041 
2738  2478 
1171  1036 


4875  4772 


-1314 

-2292 

-3225 

-3433 

-3669 

-3924 

-4079 

-4322 


7897  7491 

4646  4263 

2227  '  2014 
909  792 


4664  4535 


0  -1573  l 

0  -2519  v 

0  -3146  v 

0  -3544  < 

0  -3778  ( 

0  -4079  ( 

0  -4322  i 

fc  -4225  i 
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MEASUREMENT  NO.  6 


bF 


-4 


60 


c 

0) 

9420 

959b 

9268 

9112 

8943 

8722 

8393 

8104 

( 

b) 

7790 

7534 

71  14 

6798 

6441 

6060 

5711 

5346 

c 

16) 

5029 

4658 

4332 

3995 

3738 

3436 

3135 

•  2855 

( 

/ 

24) 

2627 

2377 

2137 

1913 

1736 

1540 

1346 

1 1  80 

bF 

-6 

0 

60 

( 

/ 

0) 

7155 

7099 

7075 

6989 

6943 

6b38 

6736 

6634 

SF 

-4 

4 

60 

( 

0) 

-254  b 

0 

St ! 


bF 


-23 


60 


§§' 

< 

0) 

-5000 

0 

-660 

0 

-1078 

0 

-  1 6  1 7 

lit 

c 

4) 

-1862 

0 

-2241 

0 

-2542 

0 

-26b  1 

( 

8) 

-2766 

0 

-2961 

0 

-3161 

0 

-3271 

P 

- 

c 

12) 

-3419 

0 

-3477 

0 

-3509 

0 

-366v 

p: 

& 

c 

16) 

-3694 

0 

-3748 

0 

-3720 

0 

-3845 

it 

- 

( 

20) 

-3845 

0 

-4021 

0 

-4021 

0 

-402  1 

feb 

$ 

( 

24) 

-4021 

0 

-4226 

0 

-4146 

0 

-4226 

Sfe 

% 

' 

( 

2b) 

-4447 

-4447 

0 

-4447 

0 

-4623 

3 

0 

3 

0 

0 

0 
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MEASUREMENT  NO.  7 


jf*  -4  0  59 


c 

0) 

9131 

8981 

8517 

( 

8) 

4382 

3742 

3138 

( 

16) 

947 

742 

591 

( 

24) 

1  1  1 

79 

54 

/ 

bF 

-6 

0  59 

C 

0) 

6615 

6536 

6396 

/ 

SF 

-5 

4  59 

< 

0) 

-77  86 

0 

/ 


SF  -30  6  59 


( 

0) 

-5000 

0 

-51 

( 

4  ) 

-463 

0 

-566 

C 

8) 

-1109 

0 

-1214 

( 

12) 

-1675 

0 

-1817 

c 

16) 

-2108 

0 

-2307 

( 

20) 

-2433 

0 

-2613 

c 

24) 

-2864 

0 

-2903 

( 

28) 

-2995 

0 

-2995 

/ 


796* 

7295 

6577 

5836 

5080 

2615 

2181 

1779 

1451 

1  165 

452 

359 

273 

208 

152 

34 

22 

1  1 

5 

2 

6172 

5906 

5589 

5265 

0 

-75 

0 

-51V 

0 

-758 

0 

-858 

0 

-1260 

0 

-1430 

0 

-1802 

0 

-  1951 

0 

-2356 

0 

-2374 

0 

-2707 

0 

-2749 

0 

-2864 

0 

-2947 

0 

-3022 

0 

-3080 

283 
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MEASUREMENT  NO.  8  ‘  j 


SF  -4  0  59 


c 

0) 

8601 

8749 

8304 

7822 

7.255 

6571 

5830 

( 

8) 

4437 

3837 

3267 

2782 

2389 

2025 

1727 

c 

16) 

1278 

1094 

948 

816 

714 

616 

527 
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13  ABSTRACT 


A  novel  method  for  improving  the  performance  of  laser  communication  links  through  a  turbu¬ 
lent  atmosphere,  called  "fast  tracking, "  has  been  demonstrated  experimentally  in  the  labora¬ 
tory  to  be  both  theoretically  sound  and  practicable.  Also,  a  design  has  been  prepared  for  an 
atmospheric  transmission  measurement  (ATM)  system  suitable  for  use  at  field  sites  for  evalu¬ 
ation  of  atmospheric  turbulence  effects  on  ground-to-space  laser  communication  links.  The 
ATM  system  makes  use  of  a  fast-response  (1  msec)  star  tracker  and  image  intensity  sensor;  it 
is  relatively  simple  and  economical  to  use  because  neither  flight  hardware  nor  flight  operations 
is  involved,  and  it  is  capable  of  day  or  night  operation.  A  field  measurement  plan  is  presentee 
that  is  designed  to  aid  in  the  selection  of  laser  transmitter  sites  and  to  indicate  the  performance 
of  ground-to-space  links  using  those  sites. 

Because  the  concept  of  optical  antenna  gain  reciprocity  is  central  to  both  the  fast-tracking 
technique  and  to  the  ATM  system,  an  initial  experimental  objective  of  the  program  was  to  test 
this  theory.  The  key  test  was  conducted  over  a  450-ft  outdoor  path  using  two  laser-transmitter, 
pinhole-receiver  units  directed  toward  one  another.  In  each  unit,  the  transmitter  and  receiver 
were  in  a  conjugate  relationship  to  one  another  and  shared  a  common  aperture,  as  required  by 
the  theory.  For  a  series  of  measurements  with  beam  diameters  from  1. 25  to  5  cm,  the 
normalized  cross  correlation  of  the  two  received  signals  was  found  to  be  0. 964  ±  0.  023  ( .a),  a 
value  in  satisfactory  agreement  with  the  theoretical  value  of  unity.  As  beam  breakup  ranged 
from  negligiole  to  severe  for  the  range  of  aperture  sizes  used,  the  validity  of  reciprocity 
theory  is  considered  to  be  well  substantiated  for  all  beam -perturbation  conditions  of  practical 
interest. 

(Continued) 
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To  provide  quantitative  criteria  for  the  design  of  the  experiments,  the  reciprocity  theory 
was  reviewed  in  detail  and  was  extended  to  cover  the  quasicoherent  pinhole-detector  re¬ 
ceiver  using  a  pinhole  of  finite  size.  Boresight  requirements  also  were  derived  for  a 
fast-tracking  transmitter. 

In  the  fast-tracking  experiment,  an  optical  tracker  associated  with  the  transmitting  laser 
sensed  angle  deflections  of  the  beam  from  a  beacon  laser  co-located  with  the  receiver 
and  applied  an  equal  correction  to  the  transmitter  by  means  of  beam  steering  optics. 
When  using  artificial  turbulence  that  produced  tracking  errors  similar  to  those  expected 
with  real  atmospheric  turbulence,  it  was  found  that  activation  of  the  beam  steerers  re¬ 
duced  signal  strength  fluctuations  at  the  receiver  by  18  dB  or  more.  The  magnitude  of 
this  improvement  is  regarded  as  adequate  to  demonstrate  the  soundness  of  the  fast- 
tracking  concept. 
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